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ABSTRACT: Three novel natural amino acid-derived sodium L-
2-(1-imidazolyl) alkanoic acids (IZSs), namely, sodium 2-(1H-
imidazol-1-yl)-4-methylpentanoate (I1ZS-L), sodium 2-(1H-imida-
zol-1-yl)-3-phenylpropanoate (IZS-P), and sodium 2-(1H-imida-
zol-1-yl)-4-(methylthio)butanoate (IZS-M), were investigated as
corrosion inhibitors. The IZSs were synthesized following the
green chemistry principles, and their structure was characterized
using FTIR and NMR techniques. The corrosion study results
reveal that a moderate concentration of 1ZSs (having low solution
conductivity) showed potential corrosion inhibition for mild steel
in artificial seawater. At longer immersion, IZS-P forms a uniform
protective film and exhibits the potential inhibition efficiency of
82.46% at 8.4 mmol L™". Tafel polarization results reveal that 1ZS-
P and IZS-M act as mixed types with an anodic predominantly
corrosion inhibitor. The electrochemical impedance spectroscopy results signify that IZSs inhibit mild steel corrosion through the
formation of an inhibitor film on the metal surface, which was further confirmed by the FTIR, SEM, EDX, and XPS studies. DFT
result shows that in IZS-P, the benzylic group (—CH,—Ph) has greater electron distribution compared to isobutyl
(—CH,CH(CH,),) in IZS-L and methythioethyl group (—CH,CH,SCH,) which supported the corrosion inhibition performance
at longer immersion [IZS-P (82.46%) > IZS-M (67.19%) > 1ZS-L (24.77%)].

[l Metrics & More ’ Q Supporting Information

B INTRODUCTION

Mild steel is the cheapest metal for construction with good

it is widely used to replace the highly toxic inorganic corrosion
inhibitors. However, due to low solubility in seawater, organic

mechanical properties, and therefore, it is widely used as a
structural material in shipping, production, and mining.
However, mild steel is very susceptible to corrosion in
seawater which comes in contact with several applications of
seawater: cooling systems, water transport, storage reservoirs,
inject systems, and so forth. Consequently, corrosion causes a
catastrophic effect: huge economic loss, human safety, and
water pollution." In practice, a chemical inhibitor is the most
prominent method to prevent the corrosion of metals in
corrosive media.”

In the past, for controlling seawater metal corrosion, a
variety of inorganic inhibitors have been used such as
chromates, borate, molybdates, nitrites, phosphates, and so
forth. However, owing to their toxicity, most of these inhibitors
are restricted to use at the commercial level. Nevertheless,
nitrite-based inhibitors are still used due to their low cost and
high effectiveness compared to other inorganic inhibitors.”
Besides aquatic toxicity, sodium nitrate is also used as a
pharmacological suicide agent.” Heterocyclic-based organic
inhibitors have been found to be less toxic in nature; therefore,
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compounds generally show poor inhibition efficiency or they
require very high inhibitor dosage.”~” In this regard, mixing of
an organic compound with an inorganic salt has found
significantly good inhibitor efficiency compared to organic
compound used alone.'*™"

To avoid the use of inorganic salts and overcome the poor
solubility and low inhibition performance of organic inhibitors
in seawater, researchers focus on developing inorganic metal-
based organic salts. Mor et al. reported that zinc gluconate is
well soluble in seawater compared to gluconic acid and
exhibited IE 84% at 5 X 10™* M.'® From polarization results,
zinc gluconate acts as a cathodic-type inhibitor. Loto et al.
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Figure 1. Synthesis scheme of inhibitors.
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studied the corrosion inhibition effect of calcium gluconate on
mild steel in artificial seawater.'” Calcium gluconate showed
almost similar inhibition to zinc gluconate, but the inhibition
behavior of calcium gluconate was opposite predominant
anodic inhibitor. Besides low toxicity, the search for organic
corrosion inhibitors which have ease of synthesis and are cost
effective is still a challenge.

For the development of environmentally benign potential
inhibitors along with an understanding of the inhibition
mechanism, heterocyclic compounds have been considered a
great alternative to replace the toxic inorganic corrosion
inhibitors.">'87%! Recently, researchers have concentrated
more on imidazole-based compounds due to their simple
structure and very high adsorption affinity with carbon steel
and copper metal in acid as well as in alkaline media, resultin.
in effective corrosion inhibition at a low inhibitor dose.”*””
Curkovic et al. found that the imidazole compound exhibited
better adsorption in an alkaline medium compared to an acidic
medium.”* Recently, our research group disclosed that the
phenyl and methionine amino acids derived from imidazolium
zwitterions showed pronounced corrosion inhibition perform-
ance compared to other similar inhibitors.”>* In the
continuous study, in the present work, three sodium L-2-(1-
imidazolyl) alkanoic acids (IZSs) have been selected as
corrosion inhibitors for mild steel corrosion in a seawater
environment. Imidazole-based compounds are considered less
toxic than traditional corrosion inhibitors.”” IZSs have been
synthesized by simple multicomponent reactions using amino
acids and other less toxic chemicals with high yield and good
green metrics (high atom economy and low E-factor).”® 1ZSs
are secondary products in the pharmaceutical industry”” and
an intermediate comgonent for the production of less toxic
ionic liquid solvents.”® Their corrosion inhibition performance
and inhibition mechanism have been studied by employing
electrochemical and surface characterization and DFT
methods.

B EXPERIMENTAL SECTION

Material and Electrolyte. The required chemicals were
purchased from Sigma Aldrich and other companies in
analytically pure form and used without further purification.
The corrosion study was performed on mild steel specimens
which have the following composition (wt %) C: 0.040, Si:
0.01, Mn: 0.26, P: 0.013, S: 0.004, Cu: 0.01, Ni: 0.01, Cr: 0.01,
Al 0.039, N: 0.0001, remaining balanced Fe. The mild steel
sample was cut in specific sizes of dimensions 20.3 X 20.3 X
0.9 mm for all analyses. For the electrochemical study, 1 cm*
surface of mild steel was exposed to an electrolyte using a flat
corrosion cell. The mild steel coupons were polished uniformly
through a Forcipol 300-1 V grinder and polisher instrument
using different grades of silica sand papers (from 180 to 1500).
Then, the coupons were cleaned with distilled water, degreased
in acetone, and finally dried and stored in the desiccator.
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The electrolyte artificial seawater (ASW) was prepared by
following the ASTM standard.”® Different concentrations in
the range of 2.1 to 10.5 mmol L™'of inhibitor solution were
prepared in ASW solution.

Inhibitor Synthesis. The synthesis was carried out by
mixing formaldehyde (5.70 mL, 36% w/v) and glyoxal solution
(4.10 mL, 32% w/v) in a 150 mL round bottle flask.”® The
reaction mixture was heated up to 50 °C. Then, a mixture of
the amino acid (0.04 mol L™'), ammonium solution (4.8 mL,
28% w/v), and an aqueous solution of NaOH (14.4 mL, 10%
w/v) was added to the reaction mixture and heated at 50 °C
for 4 h. After the reaction, the unreacted formaldehyde and
glyoxal were washed out with ether, and the remaining solvent
was removed under reduced pressure. The obtained com-
pounds were dried by freeze drying and then finally kept in a
desiccator containing a phosphorous pentoxide drying agent.
The synthesis scheme is represented in Figure 1.

The structures of synthesized compounds were characterized
by the FTIR and NMR ('H and "*C NMR) techniques. FTIR
analysis was conducted by a Bruker instrument, and NMR
analysis was carried out using a Bruker Advance III, 400 MHz
spectrometer.

Corrosion Study. Electrochemical Measurement. The
electrochemical behavior of corrosion inhibitors was deter-
mined by linear polarization resistance (LPR), electrochemical
impedance spectroscopy (EIS), and Tafel polarization studies
in ASW (pH 8.2) at 24 + 2 °C. A Gamry 1010E potentiostat/
galvanostat workstation was used to perform the electro-
chemical experiments with a commercial three-electrode flat
corrosion cell assembly that included 1 cm? exposed surface
area of mild steel (as a working electrode), an Ag/AgCl
electrode (as a reference electrode) and a platinum rod (as a
counter electrode). A range of inhibitor concentrations, 2.1 to
10.5 mmol L7', were used to determine the optimum
concentration of inhibitors.

Before each experiment, the mild steel as a working
electrode was immersed in the test solution for 3 h to
establish the steady state of open-circuit potential (Egcp). LPR
measurement is a fast technique to elucidate the corrosion rate
within a shorter period (10 min). LPR was carried out by
polarization of the working electrode in the range of —20 to
+20 mV at Eqcp by applying a scan rate of 0.167 mVs™' The
polarization resistance (R,) was determined from the slope
values, which were obtained by fitting the potential versus
current density curve. EIS measurements were performed in
the frequency range 0.01 Hz to 100 kHz with a sinusoidal
voltage signal 10 mV peak to peak at the respective Egcp. Tafel
polarization measurements were performed by applying a
range of potential —250 to +250 mV at Eqcp with a swipe rate
of 0.5 mVs™. The experiments were repeated to obtain
reproducible results. Gamry Echem analyst 5.0 software was
used to analyze the LPR, EIS, and Tafel polarization results.
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Surface Analysis (FTIR, SEM, EDX, and XPS). The surface
analysis was carried out on mild steel after 14 days immersion
in ASW in the absence and presence of the inhibitor. The
FTIR spectra were recorded at ATR sampling mood using the
Bruker instrument. The Scanning electron microscopy (SEM)
and Energy Dispersive X-Ray (EDX) analysis were carried out
using a JEOL 6360LA instrument by applying at 10 kV
potential and scanning at 1,000 X magnification. The auto fine
coater JFC-1600 was used for coating before SEM analysis. X-
ray photoelectron spectrophotometer (XPS) analysis was
carried out using XPS AMICUS, Kratos Analytical, A
Shimadzu instrument and Mg-Ka (1253.6 eV) was used as
an X-ray source for the excitation of samples. The XPS spectra
of all elements were referenced to the binding energy of 284.6
eV of C 1s peak of carbon. XPSPEAK41 software was used to
analyze the XPS data.

Corrosive Solution Analysis. The Corrosive solution
analysis was conducted before and after 24 h immersion in
ASW. UV-—visible analysis was done using an UV-800
Shimadzu UV spectrometer. The pH and solution conductivity
were measured using a Mettler Toledo pH and conductivity
meter.

DFT Study. The electronic parameters and orbital
information of IZSs were studied by (}uantum chemical
calculations using Gaussian 09 software.”’ The calculations
were carried out by the DFT method by applying a higher
basic set, BSLPY/6-31(d,p). Gauss View 5.0 software was used
to input the files and view the structure and geometry of
optimized inhibitor molecules. The calculations of neutral
molecules of inhibitors were done in gaseous and aqueous
media, and the effect of water molecules was modeled using
the internal equation formalism polarization continuum model.

In the calculations, first, the optimization of molecules was
done to get a stable lowest energy structure, and then the
frontier molecular orbital energy was calculated: energy of
highest occupied molecular orbitals (Eyopme) and energy of the
lowest unoccupied molecular orbitals (E;yyo). Energy gap
(AE), absolute hardness (#), absolute softness (o), and
absolute electronegative (y) were calculated by using the
following equations:

AE = E;ymo — Enomo (1)
= L& Epiomo)
n 5, \PLUMO HOMO )
1
c=—
n (3)
--1e Eptomo)
X 5, \ILUMO HOMO (4)

Another important parameter, the fraction of electron
transfers (AN) from the inhibitor molecule to the metal
surface, is calculated by the equation

AN = )(metal B )(inh
2'(r]metal + ,]inh) (5)

It was found by researchers’ " that in the calculation of
AN, more appropriate results were obtained by using the work
function (¢) for the metal in place of electronegativity. Thus,
using ¢ in place of ¥, eq 5 became eq 6 for the Fe metal.

q)Fe B )(inh

AN =
2(ng, + 1) (6)

For bulk iron, the theoretical value of #, = 0 was used. In
the present work, the ¢ calculated value of Fe is 4.82 eV.”’

B RESULTS AND DISCUSSION

Green Chemistry Metrics and Characterization of
Synthesized Inhibitors. The three sodium L-2-(1-imidazol-
yl) alkanoic acids were synthesized using nontoxic chemicals
having high LDSO (oral rat) values (>300 mg/kg). The
synthesis was performed through a multicomponent reaction
method at low temperatures in water (as a greener solvent).
Multicomponent reaction facilitates two important green
chemistry metrics: high atom economy (AE) and low E-factor
(low waste), resulting in around 99% product yield, as shown
in Table S1. The AE is associated with the number of atoms
used in the reactants that are present in products. The
obtained AE for all three IZS inhibitors was close to 80%
(Table S1). This indicated that a maximum number of reactant
atoms get associated with the synthesized inhibitors. The E-
factor (green parameter) is related to the amount of waste
generated per kg of inhibitor synthesis. The calculated E-factor
s were between 1.394 and 1.742 g. The obtained E-factor is
acceptable for the production of corrosion inhibitors.*>*°

The characterization FTIR and NMR spectra of the
synthesized inhibitors depicted in Figures S1 and S2 and
their spectral data are described below:

IZS-L, Sodium 2-(1H-imidazol-1-yl)-4-methylpentanoate

FTIR-ATR (v, cm™'): 3114 (=C—H), 2962 (—C—H),
1603 (—COO, asymmetric), 1501 (C=C) 1373 (—COO,
symmetric), 1076 (C=C), 742 (=C—H, bend), 'H NMR
(400 MHz, D20) 6§ (ppm): 0.77—0.80 (d, 3H), 0.82—85 (d,
3H), 1.14—1.25 (m, 1H), 1.80—1.96 (m, 2H), 4.74—4.77 (dd,
1H), 7.12—7.16 (d, 1H), 7.26 (s, 1H), 8.06—8.13 (d, 1H)’ "*C
NMR § (ppm): 20.40, 22.01, 24.42, 62.11, 120.38, 123.51,
136.08, 176.70.

1ZS-P, Sodium 2-(1H-imidazol-1-yl)-3-phenylpropanoate

FTIR-ATR (v,,..,cm™"): 3397 (O—H), 3122 (=C—H),
1598 (—COO, asymmetric), 1493 (C=C) 1374 (—COO,
symmetric), 1075 (C=C), 696, 520 (phenyl).

'H NMR (400 MHz, D20) & (ppm): 3.11-3.17 (dd, 1H),
3.41-3.46 (dd, 1H), 4.92—4.96 (dd, 1H), 7.00—=7.72 (d, 2H),
7.13—7.21 (m, SH), 7.83 (s, IH). *C NMR § (ppm): 38.73,
65.05, 120.35, 120.44, 123.52, 126.99, 128.70, 129.10, 129.32,
136.30, 136.90, 175.06.

1ZS-M, Sodium 2-(1H-imidazol-1-yl)-4-(methylthio)-
butanoate

FTIR-ATR (v, cm™"): 3114 (=C-H), 2917 (—C—H),
1603 (—COO, asymmetric), 1497 (C=-C) 1374 (—-COO,
symmetric), 1076 (C=C), 738 (=C—H, bend), 667 —C-S).
"H NMR (400 MHz, D20) § (ppm): 1.97 (s, 3H), 2.19-2.25
(m, 2H), 2.33—2.39 (t, 2H), 4.86—4.89 (t, 1H), 7.14 (s, 1H),
7.20—7.26 (d, 1H), 8.13—8.16 (d, 1H). 3C NMR § (ppm):
13.92, 29.53, 31.23, 62.07, 120.23, 123.94, 136.41, 175.57.

LPR Measurement. In electrochemical tests, LPR techni-
ques were used to elucidate the inhibition performance of IZSs
at inhibitor concentrations in ASW. Before the LPR, open
circuit potential (OCP) was run to determine the stable
corrosion potential, as shown in Figure S3. From OCP, in the
presence of IZS-P and IZS-M, the open circuit potential (E,,)
shifted significantly toward the positive direction (noble
region) compared to IZS-L. This indicates that the addition
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of IZS-P and IZS-M effectively lowers the corrosion rate of
mild steel. Furthermore, from LPR results, the calculated
polarization resistance (RP) shows that IZS-L does not
significantly increase R, values compared to IZS-P and IZS-
M, as shown in Figure 2. Hence among the three inhibitors,

4500
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Figure 2. Polarization resistance at different concentrations of IZSs on
mild steel in ASW.

IZS-L shows the lowest corrosion inhibition. From Figure 2, it
can be seen that in addition to IZS-P and IZS-M, the R, first
increases, and the maximum reached is 3692 and 3989.5 Q
cm? at 840 mmol L' and $.85 mmol L™! concentration
compared to blank (R,, 1040 Q cm?), respectively. It indicates
that inhibitors adsorb on the metal surfaces, resulting in
reduced corrosion reactions. On further addition of inhibitor
molecules, the R, decreased, and it may be due to the

formation of a soluble inhibitor-metal complex that increases
the conductivity of the solution.'”*”

Finally, the order of inhibition performance is IZS-L < IZS-P
< 1ZS-M. Comparing the structure of inhibitors (see Figure 1),
the presence of a side group in the imidazole ring in IZSs plays
a significant role in the interaction of inhibitors with the metal
d-orbital. The methionine-derived inhibitor IZS-M has a sulfur
atom (soft basic nature) that can effectively donate its lone pair
of electrons to iron (soft acidic nature) vacant d-orbital,
whereas the phenyl alanine-derived IZS-P has 7-electron in the
phenyl group that can interact with the metal d-orbital. The
third one is isoleucine-derived IZS-L having only an alkane
group in the side chain that can create the hydrophobicity of
the metal surface.

EIS Measurement. EIS study was carried out to elucidate
the capacitive behavior and resistance of mild steel surface in
ASW in the absence and presence of IZSs, as shown in Figure
3a—c. EIS curves show that in the presence of inhibitor
molecules, the diameter of impedance curves increased
compared to blank. In addition to inhibitors, decreasing the
size of Nyquist curves is directly related to a resistance that
develops on the metal surface and retards the charge transfer
between the electrolyte and metal interface, resulting in a
slowdown of the corrosion reactions.”® The impedance curves
were slightly depressed at the real axis in the absence and
presence of inhibitors, which is related to the solid electrode
(mild steel) and occurs due to surface roughness and
inhomogeneity on the metal surface during corrosion.”

In Figure 3a—c, the Nyquist plots of mild steel consist of a
single capacitive loop in the absence and presence of inhibitor
molecules, indicating that the corrosion mechanism was not

2.5
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Figure 3. Nyquist (a—c) plots, bode (f vs 1Zl), and phase angle (f vs a°) plots (d—f) for mild steel in ASW without and with different
concentrations of IZSs and proposed equivalent simple (g) and inductance (h) containing the electrical circuit model.
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Table 1. EIS Parameters Obtained for Mild Steel in the Absence and Presence of IZS Inhibitor Molecules in ASW

inhibitor conc. (mmol L7!) R, (Q cm) Yy (uQ cm? s7") n Cq (uF) R, (Q cm?) IE (%) 7
blank 00.0 15.82 286.3 0.799 329.92 1040.0 + 18.7 141 x 1073
1ZS-P 2.10 15.79 366.3 0.750 308.52 1578.0 + 186 34.09 621 X 107°
6.30 16.80 239.3 0.727 224.98 3355.8 + 248 69.01 781 x 107¢
8.40 16.44 176.6 0.736 156.55 4569.44 + 675 77.24 284 x 1076
1ZS-M 4.49 15.25 175.5 0.754 148.23 1446.0 + 42.0 28.08 729 X 1073
5.85 15.06 161.2 0.782 138.65 4393.21 + 9.5 76.32 8.88 x 1073
6.75 15.69 3224 0.692 346.51 3963.0 + 82.6 73.38 7.59 X 1073
1ZS-L 4.20 20.31 218.6 0.80S 153.20 807.9 + 5.682 —28.72 0.73 X 1073
6.30 15.89 278.0 0.757 268.52 1957 + 16.67 46.86 1.84 X 1073
8.40 15.66 365.4 0.739 333.24 1149 + 20.30 9.48 1.12 x 1073
200 [ Brank 1ZS-P -200 1ZS-M -400
2.10 mmol L + Blank ¢ Blank N IZS-L
2 400] * 630mmorL 7| @ 400{+ s49mmorLs 5 L amme
8 4 8.40 mmol L p 8 + 5.85mmol L! 8 -600 6.3 mmol L,l
@ - @ 4 6.75mmol L 8.4 mmol L
> -600 I Z -600 ¢
E g é T 00
) -800 K -800 5
0TI I e T e e T e 07 e e e e o
current (A/cm?) current (A/cm?) current (A/cm?)
Figure 4. Tafel plots for mild steel in ASW in the absence and presence of IZSs.
changed after the addition of inhibitors. A corresponding i _ RO
simple equivalent circuit was used to analyze the impedance IE(%) = p—ip X 100
curves, as shown in Figure 3g. The validity of the circuit was R, )

confirmed by the minimum error values and the goodness of fit
(%), as shown in Table 1. The circuit consists of R, (solution
resistance), R, (polarization resistance), and CPE (constant
phase element). Here R, is the total resistance that is the sum
of the charge transfer resistance (R.,), diffusion resistance (R;),
and accumulation resistance (R,) (R, = Ry + Ry + R,). In IZS-
L, an inductive loop was obtained at 6.3 mmol L}
concentration at lower frequency. This Nyquist plot was
analyzed using a series of inductance (L) and inductive
resistance (R, ) connected in parallel to R, and CPE, as shown
in Figure 3h. In the circuit, CPE is used in place of the
capacitor to obtain more accurate results. CPE can be
calculated using the following equation:

Zepg = Yo_l(jw)_n (7)

where Y is the admittance of CPE, j is the imaginary number
(# = —1), and w is the angular frequency in rad/s. The
parameter 7 is the phase shift and its values lie from —1 to 1,
depending upon the surface roughness and adsorption/
desorption of the inhibitor from the metal surface.”” In
addition, the adsorption of inhibitor molecules in ASW can
change the charge of capacitance present on the electrolyte-
metal interface. Hence, double-layer capacitance (Cg) is a
good parameter to explain the adsorption of inhibitors on the
metal surface. The values of Cy were determined using the
following equation:

Ca = Yo(@py)"™" (8)

Using the polarization resistance (R,) in the absence (R})
and presence R, of inhibitors, the inhibition efficiency (IE) was
calculated using the following relationship:
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Table 1 shows that in the presence of inhibitors, mild steel
shows a very high R, compared to the blank. The highest R,
value was 4569.44, 4393.21, and 1957 Q cm? in the presence
of optimum concentration of IZS-P, IZS-M, and IZS-L,
respectively. The corresponding inhibition efficiencies are
77.24% (8.40 mmol L™, 1ZS-P), 76.32% (5.85 mmol L™, 1ZS-
M), and 46.85% (6.30 mmol L™, IZS-L). This reveals that
IZS-P and IZS-M covered the greater metallic surface and
minimized the electrolyte-metal interaction compared to IZS-
L. The decreasing Cy values in addition to IZSs indicate that
the inhibitor molecule adsorbs on the metallic surface
replacing preadsorbed water molecules and isolating the
metal from the interaction electrolyte (containing corrosive
ions).”

The Bode (f vs 1ZI) and phase angle (f vs a°) plots of EIS
results of mild steel in the absence and presence of IZSs are
shown in Figure 3d—f. At lower frequencies of Bode plots, the
impedance modulation increases with the addition of inhibitor
molecules, suggesting the formation of a protective inhibitor
film on the metallic surface. Furthermore, increasing the values
of the phase angle toward —90° (which means capacitive
nature), indicates that inhibitors cause the smoothness of the
metal by reducing the corrosion process.

Tafel Polarization Measurement. The inhibition action of
IZS-P and IZS-M was further examined by the measurement of
Tafel polarization on mild steel in ASW, as depicted in Figure
4. The corrosion current density decreased with the addition of
inhibitors. In the presence of 1ZS-P, at 8.40 mmol L™, the
anodic curve was more shifted compared to the cathodic curve.
This indicates that IZS-P negative ions compete with chloride
ions and adsorb predominantly on the metallic surface,
resulting in reduced corrosion rate of mild steel, whereas
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Table 2. Tafel Polarization Parameters for Mild Steel in the Absence and Presence of IZS Inhibitor Molecules in ASW

inhibitor conc. (mmol L") E.,, (mV/SCE) B, (mV/dec) —pB. (mV/dec) icor (A/cm?) IE (%) (%
Blank 00.0 =712 74.10 385.2 14.8 + 2.30
1ZS-P 2.10 =715 72.70 148.3 725 £2.30 51.01 0.5101
6.30 —687 71.00 154.4 6.96 + 1.68 52.97 0.5297
8.40 —638 78.30 153.8 392 + 0.15 73.51 0.7351
1ZS-M 4.49 —676 S1.10 152.9 5.20 + 0.31 64.86 0.6486
5.85 —664 50.50 156.5 2.50 + 0.02 83.10 0.8310
6.75 —673 59.60 171.0 3.00 + 0.01 79.73 0.7973
1ZS-L 4.20 —706 87.3 453.6 26.59 —79.66 —0.7966
6.30 —=710 65.60 253.9 7.870 46.82 0.4682
8.40 —695 67.20 289.8 12.80 13.51 0.1351
5.5 -200
4000 ®— Blank « IZS-M C 5 %
A—A (a) el szsm  (b) 5 days sy (© days
3s00{ A 1ZS-M 457+ 1zs-p a
_ vo1zs-L * & * IZS-L ) -4001 * IZS-L
~ 3000 £ 357, Blank 3 * Blank Ve /
g © an ” e
5 2500 * N g 2.5 {— Fitted line ; -600 "
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s001—, i , 01 33 35 5 10° 108 107 10% 105 104 103 10?2

T T T T
0 20 40 60 80 100 120
Time (h)

Z,. (kQ cm?)

current (A/cm?)

Figure S. Variation polarization resistance with immersion time (a) and EIS (b) and Tafel (c) plots of mild steel in ASW in the absence and

presence of optimum concentration IZSs.

Table 3. LPR, EIS, and Tafel Study for Mild Steel in the Absence and Presence of IZS Inhibitor Molecules in ASW after § Days

Immersion
inhibitor LPR EIS Tafel
R, (Q cm?) IE (%) R, (Q cm) L (s cm?) R, (Q cm?®) IE (%) E.o. (mV/SCE) icor (A/cm?) IE (%)
Blank 798 + 187 16.00 36,680 883.77 + 187 =713 11.30 + 1.4
1ZS-P 2916 + 128 72.89 24.82 5064 + 324 82.46 —648 2.65 £ 0.9 76.55
1ZS-M 2346 + 187 66.11 16.63 64,510 2693.98 + 227 67.19 —671 3.35+ 09 70.35
1ZS-L 1696 53.12 22.69 1850 52.23 =741 8.5 24.77
IZS-M shifted both the anodic and cathodic curves toward In the equation, i, and i, represent the corrosion

lower current density. This reveals that IZS-M blocks both the
anodic and cathodic active sites of the metal surface at the
same time. However, IZS-L does not cause significant change
in Tafel curves, revealing that IZS-L is a least effective inhibitor
among the IZSs.

Table 2 shows the polarization parameters for mild steel in
the absence and presence of IZSs obtained by the extrapolation
of the linear portion of Tafel curves. In the presence of
inhibitors, the maximum corrosion potential (E,,,,) shifted to
—638 mV/SCE (IZS-P), —664 mV/SCE (IZS-M), and —695
mV/SCE (IZS-L) compared to the blank (=712 mV/SCE).
The shifted E_,,, values toward a positive direction were less
than —85 mV,”" revealing that the studied IZSs inhibitors act
as mixed types with predominantly anodic inhibitors. In
comparison, IZS-P more effectively blocks the anodic sites
compared to IZS-M and IZS-L. The data show that with
increasing inhibitor doses, the corrosion current density (i)
decreases. This indicates that increasing the number of
inhibitor molecules on the metallic surface shifts the mild
steel in the noble region. The inhibition efficiency of IZSs was
calculated from i, using the following equation:

i(?OIT - i(t;OIT
IE(%) = 2 % 100

teorr ( 10)
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current density in the absence and presence of inhibitors,
respectively. The maximum inhibition efficiency was obtained
as 73.51, 83.10, and 46.82% in the presence of IZS-P, IZS-M,
and IZS-L at optimum concentrations of inhibitors. The results
are in good agreement with LPR and EIS measurements.

Effect of Immersion Time. To determine the nature of the
protective film of IZSs on mild steel, nondestructive OCP and
LPR measurements were carried out at different time intervals.
In Figure S4, it can be seen that the OCP increases (shifted in
the positive direction) with immersion time in the absence and
presence of inhibitor molecules, and the maximum OCP was
shifted at 72 h in case of blank and in the presence of IZS-L,
whereas in the presence of IZS-P and IZS-M, the maximum
shifted OCP was obtained at 24 h. On further immersion of
the mild steel after 24 h, the OCP was decreased.

Similar to OCP, the polarization resistance (R,) first
decreases in the case of blank and inhibitors with immersion
time up to 72 h; see Figure Sa. This reveals that the formation
of a rust film cannot act as a protective layer, resulting in
increased metal corrosion. On further immersion of the metal,
the R, values slightly increased in the case of blank, showing
that the formation of a uniform rust film reduces the metal
corrosion rate. Similar results were also obtained in the
presence of the inhibitor. After 120 h (S days), the phenyl ring
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Figure 6. Variation of Nyquist plots with ASW temperature in the absence and presence of optimum concentration of IZSs.
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Figure 7. Effect of temperature of mild steel corrosion in the absence and presence of inhibitors: change of polarization resistance in LPR (a) and

EIS (b) results and their corresponding inhibition efficiency (c).

containing 1ZS-P (76.02% IE) was found as a more effective
inhibitor than the methylthioethyl-containing 1ZS-M (66.11%
IE) and isobutyl-containing IZS-L (53.12%).

EIS and Tafel polarization measurements were carried out to
validate the LPR results and determine the inhibition
mechanism of IZS inhibitors after 5 days of immersion, as
depicted in Figure Sa—c and Table 3. In Nyquist plots (Figure
5b), an inductive loop appeared at a lower frequency in blank
and in the presence of IZS-M, which occurs due to the
desorption of the passive oxide film.*” These Nyquist plots
were analyzed using an appropriate equivalent circuit as shown
in Figure 3h. In Tafel plots (Figure Sc), the inhibitors 1ZS-P
and IZS-M cause to shift the anodic curve significantly toward
the lower current density (noble direction) compared to the
blank. However, IZS-L does shift the corrosion potential
(Ecorr) toward the negative direction. Moreover, after S days
immersion, Tafel plots (Figure Sc) were found almost similar
to 3 h immersed Tafel plots (Figure 4), revealing that the
longer immersion time did not change the corrosion
mechanism. From Table 3, all results suggest that the IZS-P
and IZS-M inhibitor films remained stable up to longer time
immersion. IZS-P shows a better inhibition performance
(82.46% 1E) compared to I1ZS-M (67.3% IE) and IZS-L
(24.77%).

Effect of Temperature. The effect of ASW temperature on
mild steel corrosion in the absence and presence of the
optimum concentration of IZSs was studied by LPR and EIS
measurements. Figure S5 shows that at higher ASW temper-
atures, the OCP was almost stable and shifted toward the
positive direction. Figure 6 shows that in all cases, the
semicircle loop of Nyquist plots decreased with increasing
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electrolyte temperature, indicating that mild steel dissolution
increases in the absence and presence of inhibitors. At all
temperatures, the Nyquist plots were almost similar containing
a single capacitive loop, except at 315 K in blank and in the
presence of IZS-M, when an inductive loop appears at the
lower frequency, which was analyzed using the well-fitted
equivalent circuit, as shown in Figure 3h.

In LPR (Figure 7a) and EIS (Figure 7b) at 307 K, the
polarization resistance decreased with and without inhibitors,
showing the removal of rust as well as inhibitor films. However,
with further increases in the temperature (up 315 K), the R,
slightly decreased. In EIS results (Figure 7b), at higher
temperatures from 301 to 315 K, the R value significantly
decreased in the presence of 1ZS-M (from 4393.21 to 681.2 Q
cm?) and IZS-L (from 1957 to 563 Q cm*) compared to IZS-P
(from 4569.44 to 1120.34 Q cm®). The corresponding
inhibition efficiency obtained at 315 K was 52.54, 26.28, and
11.19% in the presence of IZS-P, IZS-M, and IZS-L,
respectively. Hence, the temperature effect results show that
IZS-P is a better inhibitor compared to IZS-M and IZS-L.

The effect of immersion time and temperature result shows
that the phenyl-containing IZS-P exhibits the highest inhibition
performance compared to methylthioethyl (IZS-M) and
isobutyl (IZS-L) group containing the imidazole ring. Similar
results were also obtained in the case of copper corrosion in
neutral media® and in the case of mild steel corrosion in acid
media.”®

Table 4 compares the results with earlier reported work in
respect of corrosion inhibition efliciency and inhibitor
synthesis conditions. Simple structured inhibitor molecules
either exhibit low inhibition efficiency’™” or require high
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2 inhibitor dosage.44 Some of the effective corrosion inhibitors
g s B have typical synthesis method such as multistep synthesis at
& T T w0 oo BF high temperatures and longer reaction times.'®'”**** Compar-
,g - 5 ing the inhibition efficiency and reaction condition, IZS-P is a
& % 2 < potential corrosion inhibitor for mild steel corrosion in

= = g s seawater.

o < =) o

g 2 % 2 Adsorption Isotherm. The interaction of IZS inhibitor

3 E g < with the mild steel surface can be determined by establishing
g g 2 _‘§ an adsorption isotherm model. Some important adsorption
2. S .:g ES isotherms, Langmuir, Frumkin, and Temkin isotherms, have

[ T— w . . .

% 2 = £ & been plotted using the experimentally obtained surface
- E 2 = I coverage (6) (Table 1) and concentration of 1ZS, as shown
e g E & £G &b in Figure 8a,b and S6. The obtained regression coefficient (R?)

Té‘ E '§ E-R P .§ was very close to 1, showing that IZS-P and IZS-L were well

= - §2 g ¢ s fitted for Langmuir adsorption isotherm (Figure 8a) and IZS-
g ‘c‘g 2 g E‘j E 2 3 M was well-fitted for Frumkin isotherm (Figure 8b). Langmuir

z = JED = S ;; Z E isotherm describes that all adsorbent sites of mild steel are
= e Q @ . . . . .

= g Tmmm 2 =2 2 = identical and provide the equivalent affinity (homogeneous

— E b:xzzb S03 3 8y surface) for the adsorption of the inhibitor. Besides, there is no
9 38 £ e o9 g g 3 . . C 11 . .

- lateral interaction between adsorbed inhibitors, resulting in a
o WP 0 Dot ao T oo P I S monolayer formation of inhibitor molecules.* Langmuir
Sl RSP T~ AN O v + A 0 5 o] Nel N . . .

o isotherm equation is shown as

=]

9

£ £ - = . . c 1

=4 = = = = = —=—4+C

o E T OEY o9 Fg Eg 0 K

& s v v vV W v W 3 %) v E: E: 3 g Y g % ads (11)
D OBroEEERE msESCE R0t s K s the adsortion otherm. Temki sotherm s

ko % TTTTT TETeeTEeTEeOR where K4 is the adsorption isotherm. Temkin isotherm is just
s f B BEHEEz2 HSH El £8 258 2 a modification of Langmuir isotherm by introducing the term

o

2 of surface inhomogeneity; it shows that adsorbed inhibitor
.‘é molecules do not possess the lateral interaction on a solid
.’ }L: T surface (resulted in monolayer formation), but the adsorbent
g £ z 5 g . B B surface (solid surface) is not equivalent, (that is the surface is
=1 5 0 £0 0 < _ ‘é’ g s < . . TasTs .

g 23 £33 =5 z % = = heterogeneous), resulting in the possibility to adsorption of
1) 52 542%2% S 3% g .8 uncharged molecules on the heterogeneous surface (chem-

a 3; £ % 35 g2 g é R isorption).*® The calculated value for the IZS-M inhibitor is
k n EnnEE® LO0%E £ 1.58, which indicates that the adsorbed IZS-M molecules show

S corom e e 8 2s a repulsive interaction on mild steel surface, and therefore the
§~ Q I inhibition performance of IZS-M was decreased at longer

% B3 388&&3T 3T 3T T8 . Lok

o = 2 ¢ g g g By g & = £ immersion times and at elevated temperatures compared to
g ‘g T gEEE s T OZE IZS-P. IZS-P does not exhibit any interactions on the adsorbed
§ & WSO RO B B EBR mild steel surface because it follows the Langmuir isotherm,
g w 2B (see Figures S and 7). The AGY; is calculated from the K4 by

:é g ) F 3 % % the following equation:

5 S h Thanss A o =

[} 5] ° = 0 = _

A~ B mwEE w F T ET T oT AGy = —RTIn(55.5K4) (12)
g S £S5 22 S A ww 8 9 here S5.5 is th ) c . 1 1-L Th
= where .S 1s the concentration of water in mo . e

E = = 3 calculated AGY, are —23.54, —23.58, and -15.10 kJ mol™" in

= ﬁ? 8 g g the presence of IZS-P, IZS-M, and IZS-L, respectively. These
o & N 3 2 3 results show that both the inhibitor adsorb spontaneously over
2 g 3 e Z § the mild steel surface. In addition, the adsorption mechanism
8 2 8 =2 o . 47,48

g 3 < & 2 :;; based on AGY, is still questlonable.. ‘ ‘

S 2 £ & 2 & Surface Studies. FTIR Analysis. The interaction of the

2 . = T e % 5 functional groups of IZS-P with mild steel surface has been

= S g 5 & \5_/ g studied by the analysis of FTIR spectra after immersion in 14

== b § f . . . .
2 % EE = 2 2 = days in ASW, as shown in Figure 9. The mild steel (MS)
S Sz — 8 - spectra show different corrosion product layer peaks at 681,
o A z :

E :;\_g £ E 8 § § 8§ 536, and 442 cm™! corresponding to f-FeOOH, a-Fe,0;, and
g-‘ a E i3 7 £ g T F % 5-FeOOH, respectively.”” The formation of these corrosion

S Eg ét f o g § E o1 7 products reduces the metal corrosion, which was observed in
. £°e S ¢ 3 £ 2 éo £ S immersion time LPR studies (see Figure Sa). The prominent
v CEEeTEEE S 22 222 shifting of carboxylate functional group peaks (—COO™) of

2 &£ 38 9 g > g = E Ewvy E

= zEEzfnc 2 5 g4 =2E 43 pure IZS-P into inhibited mild steel in AWS (IZS-P-MS) was

= Z-haAae=ge 8 8§ §8 3 3 noted from 1598 to 1628 cm™ (V?) and from 1374 to 1394
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Figure 8. Langmuir isotherm (a) and Frumkin isotherm (b) of mild steel
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Figure 9. FTIR spectra of pure IZS-P and at 14 days immersion of
mild steel in ASW without (MS) and with inhibitor (IZS-P-MS) at
301 K.

cm™" (V*). The phenyl group peaks were shifted from 696
(IZS) to 647 cm™' (IZS-P-MS). The shifting of functional
group peaks reveals that IZS-P effectively interacts with mild
steel in ASW.

SEM/EDX Analysis. The morphological studies of inhibited
and uninhibited mild steel surface were carried out by SEM
analysis after 14 days and 26 days immersion in ASW, as
shown in Figure 10. From the figures, the blank mild steel (in
absence of inhibitor) shows uniform corrosion with high

roughness compared to the polished one. In the presence of
IZS-P and IZS-M, the surface smoothness significantly
improved with less corrosion product compared to blank.
However, the IZS-L inhibition was mild showing a much-
damaged surface like blank mild steel, revealing that IZS-L
does not effectively inhibit the mild steel. The high amount of
corrosion product in the case of blank indicated highly
corroded mild steel. Moreover, the outer oxide layer of the
corrosion product is more porous, through this corrosive ion
can easily diffuse and accelerate the corrosion reactions.
Comparing the performance of both inhibitors after 14 days
and 26 days immersion, in the case of IZS-P, the mild steel
surface was significantly smoother compared to IZS-M. The
better performance of IZS-P is also supported by the longer
immersion study results (see Figure Sa).

The EDX results show that in the absence of an inhibitor
(vide Figure S7 and Table §), mild steel contains a significant

Table 5. EDX Elemental Composition Analysis for Mild
Steel in the Absence and Presence of IZS Inhibitor
Molecules in ASW after 26 Days Immersion

sample C (at %) O (at %) N (at %) Fe (at %) S (at %)
blank 3.32 26.81 69.55

1Z8-P 2.09 0.92 0.13 96.81

1ZS-M 2.69 0.83 0.12 96.33 0.02
1ZS-L 4.18 3.4S5 0.30 92.05

125-P, 14days

125-1, 14days

Figure 10. SEM images of mild steel, polished and in the absence and presence of IZSs after 14 days and 26 days immersion in ASW at 301 K.

24805

https://doi.org/10.1021/acsomega.3c00366
ACS Omega 2023, 8, 24797—-24812


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00366/suppl_file/ao3c00366_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00366?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00366?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00366?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00366?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00366?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00366?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00366?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00366?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00366?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00366?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00366?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00366?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf Article
Cls O1s Blank Cl2p Blank
™

2 '3 O z

=

S S S

292 290 288 286 284 282 280 534 532 1 530 528 526 203 202 200 200 199 198 197 196
, Binding Energy feV) Binding Energy (eV) Bindjng Energy (€V)
C1s 1ZS-P Cl2p 1ZS-P
2p1n 2pin
E Imidazole C H 5
S ‘ i S S
§ . . . . . . : - - ; : :
200 290 288 286 284 262 280 534 2 s s8 526 202 200 198 196
Binding Energy (eV) Binding Energy (V) Binding Energy (eV)
Fe2p 2pma» , VISR N1s 1ZS-P
“Pan

= | == z| Imidazole N
z z satellite 2
= 2 e
< o satellite ~

T T T T T T T
740 735 730 725 720 IS 70 05 949 735 730 725
Binding Energy (eV)

720 715 710 705 404 403 402 401 400 399 398 397
Binding Energy (eV)

Binding Energy (eV)

Figure 11. XPS deconvoluted profiles of C 1s, N 1s O 1s, and Cl 2p and (d) Fe 2p for mild steel in the absence (blank) and presence of IZS-P in

ASW (smoothed, fitted, raw data).

amount of oxygen (26.81%) compared to that in the presence
of inhibitors: I1ZS-P (0.92%), 1ZS-M (0.83%), and IZS-L
(3.45%). This indicates that in the case of blank, the existing
high-oxide layer on the mild steel surface is due to pronounced
corrosion in ASW. Besides the low-oxide layer in the presence
of inhibitors, the presence of nitrogen and surface also
supported the IZS-P and IZS-M participation in the formation
of a passive film on the mild steel surface.

XPS Analysis. The composition of mild steel surface was
analyzed by XPS techniques in the absence and presence of
IZS-P in ASW. The wide spectra of mild are depicted in Figure
S8. The deconvoluted spectra of high-resolution peaks C 1s, N
1s, O 1s, Cl 2p, and Fe 2p are shown in Figure 11.

C 1s spectra of the blank show one prominent peak that is
deconvoluted into three components. The peaks at 284.3,
285.20, and 288.48 eV defined the presence of C=C, C—-C,
and —O—C=0, respectively.”” However, the C 1s spectra in
the presence of IZS-P show a single broad peak that is
deconvoluted into seven components. The peak presence at
283.37 and 284.6 €V reveals the C—H and C—C species.”’ A
significant percentage peaks at 285.68 and 286.70 eV are
related to the imidazole C-atom. In addition, the peak at
287.94 eV is related to adsorbed imidazole C-atom.”” The last
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peak at high energy 288.36 eV shows the carboxylic group
(=O—C=0). The presence of additional imidazole peaks and
difference spectrum compared to blank reveals the presence of
adsorbed IZS-P film on the mild steel surface.

N 1s spectra of IZS-P-inhibited mild steel was deconvoluted
into four main peaks. The peaks at 395.98 and 397.85 eV
correspond to the chemisorbed inhibitor-metal bond (Fe-N).>
Another two peaks at 399.72 and 401.41 eV are related to
imidazole nitrogen.”* The N 1s spectra further support the
participation of IZS-P in the passive film of mild steel.

O 1s spectra of blank deconvoluted into two main peaks.
The peak at 529.28 eV is related to ferric oxides (Fe,O;,
Fe;0,) and the peak at 530.79 eV corresponds to ferrous oxide
(FeO).>>*° This indicates that the oxide layer covered the mild
steel surface. In the presence of IZS-P, the O 1s spectra were
deconvoluted into four components. The presence of an
additional peak at 532.49 eV may be related to the adsorbed
water molecule®” or can also correspond to the carboxylic
group (—O—C=0) of IZS-P.*" In addition, the presence of a
Cl 2p peak is also related to the formation of a passive film on
the metal surface. In both blank and IZS-P, the peak is
deconvoluted into three components, which signify the
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Table 6. Quantum Chemical Parameters Derived from the B3LYP/6-31G(d,p) Method”

parameters— inhibitors| phase (G or A)*  Epomo (eV)  Epumo (6V)  AE (eV) 7 (eV) x (eV) AE, (eV) AE, (eV) AN u (Debye)
1ZS-L G —5.1269 —2.5358 2.5911 1.2955 3.8314 2.5392 3.3799 0.3815 12.674
A —5.6311 —0.0993 5.5318 2.7659 2.8652 4.9757 3.8841 0.3534 14.3201
1ZS-P G —4.6499 —3.4531 1.1968 0.5984 4.0515 1.6219 2.9029 0.6421 14.4772
A —5.2006 —0.2468 4.9538 2.4769 2.7237 4.8282 3.4536 0.4232 19.1266
12ZS-M G —5.1908 —2.5625 2.6283 1.3142 3.8767 2.5125 3.4438 0.3589 13.4560
A —=5.7119 —0.1061 5.6058 2.8029 2.9090 4.9689 3.9649 0.3409 15.2416

“*G = Gaseous, *A = Aqueous.

1ZS-L

1ZS-M

1ZS-L, HOMO

83
a4 el

1ZS-L, LUMO

Figure 13. HOMO and LUMO structures of IZS inhibitor molecules.

I1ZS-P, HOMO

1ZS-P,LUMO

1ZS-M, LUMO

presence of ferrous and ferric chlorides (FeCl, and FeCl;) in
the passive film.*>>’

Fe 2p spectra of inhibited and uninhibited mild steel consist
of double peak profiles as Fe 2p;,, and Fe 2p, /,. The spectra of
Fe 2p;,, were deconvoluted into four components in blank and
five components in the presence of IZS-P. The first two peaks
in both cases in the range of 708.01 to 709.44 eV are related to
Fe** species (FeO and FeCl,).°” The next two peaks in blank
and three peaks in IZS-P are in the range of 710.54 to 712.83
eV corresponding to Fe™ species: Fe,O; FeOOH, and
FeCl;°"% The presence of satellite peaks at 718.11 eV
(blank) and 720.38 eV (IZS-P) are characteristic of the
presence of Fe*> oxide species.’” The spectra of Fe 2P/, were
deconvoluted into three (722.86, 724.57 and 727.40 eV) in
blank and two (723.08 and 725.69 eV) components in the
presence of IZS-P, which shows the presence of Fe** and Fe**
oxide species.’”

Corrosive Solution Analysis. The interaction of IZS
molecules with dissolved iron as well as the change in corrosive
solution after corrosion were analyzed by measuring the
conductivity, pH, and analysis of the UV—visible spectra, as
shown in Figure S9. The analysis was carried out at lower (2.1
mmol L"), optimum (6.3 mmol L™"), and higher (10.5 mmol
L™") inhibitor concentrations to compare with the results of
inhibition performance; see Figure 2. It was found that with
the mixing of inhibitors, the pH decreased compared to pure
ASW (pH 8.2), which further decreases with increasing
inhibitor concentrations in pure inhibitor solutions (IZS-L,
1ZS-P, and 1ZS-P) and after 24 h immersion of mild steel (IZS-
L-MS, IZS-P-MS, and IZS-P-MS). The optimum concen-
tration of pure effective inhibitors, IZS-M and IZS-P, show the
lowest solution conductivity (Figure S9a). It concludes that at
low and high inhibitor concentrations, the inhibitor molecules
enhance the electrolyte conductivity, resulting in lower
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Figure 14. Systematic representation of the corrosion inhibition at lower (a), moderate (optimum) (b), and higher (c) inhibitor concentrations.

The adsorption model of IZSs on mild steel surface.

inhibition efficiency (see Figure 2). Hence, the conductivity
measurement suggests the potential inhibitor concentration
and saves time to find out the most effective (optimum)
inhibitor concentration.

In Figure S9b,c, the UV—visible spectra show similar spectra
for the pure inhibitors of IZS-L and IZS-P and after corrosion
(IZS-L-MS and 1ZS-P-MS), indicating that these inhibitors do
not form the inhibitor-metal complex. However, the spectra of
IZS-M-MS (after corrosion) (Figure S9c) show two new peaks
at 255 nm (at 2.1 mmol L™') and 252 nm (at 6.3 mmol L™}),
signifying the formation of an inhibitor-metal complex.” It
may cause an increase of solution conduction at 6.3 mmol L™*
concentration (Figure S9a) compared to the other two
inhibitors. Hence, the results show that the greater interaction
of IZS-M with the dissolved metal and enhancing the
conductivity of the corrosive solution may be responsible for
the poor inhibition performance of IZS-M at longer immersion
times (Figure 5) and high temperatures (Figure 7) compared
to IZS-P.

DFT Study. DFT is the most advanced computational
technique to elucidate the electronic reactivity of inhibitor
molecules. The calculated DFT parameters are shown in Table
6. In the optimized structure (Figure 12), the dihedral angle is
close to 120° among all three moieties: imidazole ring,
carboxyl group, and substituents (isobutyl in 1ZS-L, benzylic
group in IZS-P, and ethyl methyl sulfide group). Hence,
molecules are not completely flat, but they can interact with
highly negatively charged atoms (O and N) and #-bond
electrons of rings. In the carboxylic group, both the C—O bond
are in an equal distance in all three inhibitors, showing that the
negatively charged electrons are equally delocalized between
both the C—O bonds. The delocalized structure can form a
chelate structure with the metal surface.”*

Figure 13, shows the structure of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). HOMOs are the molecular sites
that can donate electrons to the metal vacant d-orbital, whereas
LUMO:s are electron-accepting sites through which molecules
can accept lone-pair electrons from the iron. Figure 13,
observes that HOMO is localized mainly on the imidazole
moiety and some extend around the carboxylic group in IZS-L
and IZS-M, whereas in IZS-P, the HOMOs are localized
around the carboxylic group and adjacent carbon of rings (3C
and 4C that have negative Mulliken charge). LUMOs are
distributed around the carboxylic group and sodium ion.

Hence, the carboxylic group plays a major role in donating as
well as accepting electrons, leading to a strong interaction with
the metal surface.””

As known, the organic inhibitor mainly adsorbs on the
metallic surface through the electron-donating and electron-
accepting mechanisms, which means interaction of frontier
molecular orbitals (HOMO and LUMO). The high value of
Enowmo signifies that the electron of the outer shell is loosely
bonded with a nucleus that can easily donate. In contrast, low
values of Ejyyo signify that the molecule orbital have a high
tendency to accept electrons that lead to reducing its nuclear
charge.”® From Table 5, in both gaseous and aqueous phases,
the electron donation order is IZS-P > IZS-L > IZS-M and the
electron acceptance order is IZS-P > IZS-M > IZS-L. Hence,
IZS-P has greater electron-donating as well as electron-
accepting capabilities. The energy gap (AE) between
HOMO and LUMO is an important parameter to determine
the inhibition performance of the inhibitor molecule. The
lower AE value indicates a greater capacity of the inhibitor
molecule interaction with the metal surface. From the results,
IZS-P has the lowest AE, indicating a greater capability to
interact with the metal surface, whereas the AE values do not
much differ in the case of IZS-L and IZS-M. Furthermore, to
elucidate the electron donation and acceptance between the
metal IZSs, the energy level of the inhibitor has been compared
with the energy level of Fe. From the energy of HOMO and
LUMO, a two-energy gap has been calculated by the following
equations:

AE; = E{ymo (inhibitor) ~ EroMo(Fe) (13)

AE, = Erymo(re) — Enomo(inhibitor) (14)

The Eyomo (—5.075 eV) and Ejyyo (—1.747 eV) of Fe
(110) lattice plane were calculated by Huang et al. using the
five atoms of Fe.”® From the results, in a gaseous state, AE, <
AE,; this indicates that the interaction between Ej ;0 of IZSs
and Epopo of Fe was dominant over the interaction between
Eumo of Fe and Eyoumo of 1ZSs, which means, 1ZSs can
effectively accept electrons from metal d-orbitals, whereas in
the aqueous phase, the results were reversed: AE, > AE,. This
shows that IZSs effectively donate electrons to Fe d-orbitals.
Moreover, compared to the gaseous phase, the AE is slightly
high in the aqueous phase indicating that the interaction of
water molecule slows down the inhibitor-metal interaction.
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Finally, the fraction of electron transfers and dipole moment
are related to the inhibition effect of the inhibitors. The higher
values of AN signify the greater electron transfer, that is,
greater interaction with the metal surface. The results show
that IZS-P exhibits a significantly high inhibition effect
compared to IZS-L and IZS-M. Similar to AN, the high
dipole moment indicates the capability of the inhibitor
molecule to replace the water molecule from the metal
surface.”” In all inhibitors, the dipole moment is greater than
the water molecule (1.82 Debye) in both the gaseous and
aqueous phases, revealing that IZSs molecules can expel the
water molecule and form a bond with the metal. The order of
AN is IZS-P > IZS-M > IZS-L. Hence along with E; ;o and
AE,, AN also supported the electrochemical results.

B MECHANISM OF CORROSION INHIBITION

The experimental, surface, and DFT results disclosed that IZSs
inhibit mild steel corrosion through an adsorption mechanism.
The DFT results (Figure 13) show that IZS inhibitor
molecules have several adsorption sites, and through this,
IZSs interact with Fe d-orbitals and form chemical bonds, as
shown in Figure 14d. The XPS results further supported the
chemical interaction between IZSs and metal surfaces that
disclosed the inhibitor adsorption mechanism. Besides, the
electrochemical results reveal that IZSs may interact with the
dissolved iron and adsorbed inhibitor molecules in corrosive
solution, resulting in poor or negative inhibition performance
at lower and higher inhibitor concentrations (Figure 2). The
poor inhibition efficiency at lower and higher inhibitor
concentrations may be due to higher conductivity of inhibitor
solution; see Figure 9.8 Combining all results, it can be
concluded that the inhibitor molecule has competitive
interaction between the metal surface and dissolved ions
(iron and inhibitor). (a) At lower inhibitor concentration, the
high solution conductivity compared to moderate concen-
tration (Figure S9a), inhibitor molecule may have more
tendency to interact with dissolved iron compared to the metal
surface (Figure 14a) or may be a smaller number of inhibitor
molecules available to adsorb on metal surface, resulted show
the poor or negative inhibition efficiency. (b) At optimum
(moderate) inhibitor concentration, the inhibitor molecule
could predominantly interact with the metal surface compared
to dissolved iron (Figure 14b), resulting in effective inhibition
efficiency. (c) At higher inhibitor concentration, the metal
surface gets saturated with the adsorbed inhibitor molecule and
the extra molecules of inhibitor may interact with dissolved
ions and/or adsorbed inhibitors (Figure 14c), resulting in an
increase in the solution conductivity (Figure S9a) and a
decrease in the inhibition efficiency.

Moreover, the expected adsorption model of IZSs on mild
steel is shown in Figure 14. Based on surface studies and DFT
results, the studied IZSs inhibitor contains 7-bond, imidazole
nitrogen, and carboxylate group, and through this, IZSs can
donate their lone pair and 7z-bond electrons to the vacant d-
orbital (chemisorption) of Fe. Simultaneously, the vacant z-
bond antibonding orbitals of the carboxylate group can accept
the lone pair electron from Fe filled d-orbital (back donation),
resulting in minimized charge on inhibitor surface and
enhanced adsorption capability. The negatively charged
carboxylate group and the lone pair of imidazole nitrogen
can be polarized toward the positively charged mild steel
surface, resulting in formation of weak van der Waals bonding
with the mild steel surface (physisorption).”” Moreover, the
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experimentally obtained inhibition performance results, IZS-P
> 1ZS-M > 1ZS-L, can correlate with their structural difference
of inhibitor molecules; see Figure 1. DFT results show the
greater electron distribution over the benzylic group (-CH,Ph)
in IZS-P (Figure 13), revealing that the benzene ring having 7-
bond can donate an electron to the metal d-orbital as well as its
vacant 7-bond antibonding orbitals can accept electron for the
metal orbital, resulting in IZS-P exhibiting the highest
inhibition performance. In IZS-M, the methylthioethyl
(—CH,CH,SCH,) side group has a sulfur atom that can
donate its lone pair to the metal orbital through the
chemisorption mechanism. However, the poorest inhibition
performance of IZS-L may be due to the hydrophobic nature
of the isobutyl (—CH,CH(CHj;),) side group that cannot act
as an adsorption site in IZS-L. Hence, among the three
substituents, the benzylic group has the highest adsorption
capability.

B CONCLUSIONS

In this work, three novel IZSs were synthesized and analyzed
as corrosion inhibitors for mild steel in ASW. Based on
experimental results and discussion, the major conclusions are
the following:

1. IZSs inhibitors have been synthesized by single-step
reaction with high yield, high atom economy, and low E-
factor. The exact structure of synthesized inhibitors has
been confirmed by FTIR and NMR spectroscopy.

. The electrochemical results show that IZSs exhibited
effective corrosion inhibition at moderate concentration.
The effective inhibition at moderate concentration may
be due to lower solution conductivity compared to low
and high inhibitor concentrations. Among IZSs, IZS-P
showed the highest inhibition efficiency (82.46%) and
the order of inhibitor performance is IZS-P > IZS-M >
1ZS-L.

. The effect of immersion time and temperature results
show that the phenyl group containing IZS-P exhibits
better inhibition performance compared to methionine
sulfur substituent IZS-M. SEM and EDX results further
supported the better inhibition effect of IZS-P compared
to IZS-M.

. The XPS and FTIR results suggested that z-bond and
heteroatom (N, O) functional groups of IZS-P
effectively interact with the metal surface, resulting in
reduced mild steel corrosion through the formation of a
passive inhibitor film.

. The experimental results reveal that IZSs inhibit mild
steel corrosion through the adsorption mechanism. IZS-
P obeys the Langmuir adsorption isotherm and IZS-M
obeys the Frumkin adsorption isotherm.

. DFT results well supported the experimental results.
DEFT results show that the imidazole ring and carboxylic
group of IZSs effectively participate in electron transfer
between IZSs and mild steel.

. The corrosion study results and DFT calculations well
support each other in the order of inhibitor perform-
ance, IZS-P > IZS-M > IZS-L. The greater electron
distribution around the benzene ring in IZS-P signified
its highest inhibitor performance. Moreover, the
methylthioethyl in IZS-M has an additional good
adsorptive sulfur atom compared to the isobutyl-
containing IZS-L.
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