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1,3,4-Oxadiazole derivative, namely, 3-(5-naphthalen-2-yl-[1,3,4]oxadiazol-2-yl)pyridine (NOP) as a corrosion inhibitor against mild steel
in 1M HCI has been evaluated using the weight-loss technique (303-323 K), electrochemical analysis [potentiodynamic polarization (PDP)
and electrochemical impedance spectroscopy (EIS)], as well as surface morphology investigations (SEM). Additionally the computational

electronic aspects relating to the anti-corrosion activities of the examined inhibitors and to envisage the interaction between designed inhibitors

with the mild steel surface. The synthesized molecule (NOP) expressed high inhibition efficiency of 88.62% at an optimal concentration of

500 ppm at 298 K. A mixed-type inhibition mechanism is suggested by potentiodynamic polarization (PDP) analysis. The DFT calculations

mode and can be very helpful in accentuating the approach to mitigate the metal dissolution occurring in acidic corrosive media.

‘I
studies such as density functional theory (DFT), the synthesized molecule (NOP) were utilized to better insight into molecular structure and I

Keywords: Corrosion, Mild steel, 1,3,4-Oxadiazole derivatives, Synthesis, Adsorption, Electrochemical impedance spectroscopy.

I complement well with the experimental outcomes. This article provides in-depth insights to comprehend the mild steel inhibitor interactions
L

INTRODUCTION

Since the discovery of metals, mild steel has garnered
substantial interest due to its outstanding engineering character-
istics, including its lower cost, ease of availability and signifi-
cant mechanical strength (flexibility, strength, malleability,
among others) [1-3]. Despite these potentials, one of the main
issues with mild steel is its propensity to corrode when acidic
solutions are present nearby in several processes, including
acid cleaning, acid pickling, descaling and oil well acidizing.
This fastens the deterioration rate of mild steel in a large extent
[4-7]. Additionally, in specific industries, several inorganic and
organic chemicals dissolved in pipeline oil hasten the corrosion
of mild steel [8,9]. As a result, it is essential to consider the
developments in engineering and chemical formulations that
can trigger the corrosion rate and reduce the catastrophic
incidents induced by metallic corrosion.

Over the past few decades, researchers have emphasized
effective strategies for mitigating metal corrosion by using

eco-friendly corrosion inhibitors, cathodic and anodic prote-
ction approaches and material selection [ 10-13]. These corrosion
inhibitor formulations are utilized in small amounts to lessen
the environmental damage caused by interfering with the anodic
and/or cathodic reaction or slowing the oxidation process. The
inhibition efficacy of the organic molecules depends upon
various parameters such as the accessibility of adsorption sites,
the metal’s characteristics, modes of interaction, the shape of
the molecule and the experimental conditions such as pH, immer-
sion time and temperature. They must also be capable of adhe-
ring to metal surfaces to develop a defensive barrier [14,15].
Most organic inhibitors adsorb to metallic surfaces via hetero-
atoms enriched with 7t- and unshared electron pairs. The effect-
iveness of the inhibitors is also influenced by the donor atoms’
size, electron density and orbital properties, among others [16,17].

The N- and O-containing organic heterocyclic compounds
have been the subject of substantial research among the various
organic compounds. They have considerable adsorption tend-
ency, forming a dense defensive layer on the metallic substrate.
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1,2,3-Triazoles, 1,2,4-triazoles, 1,2,4-triazines, pyrazoles, benzi-
midazoles, thiazoles and oxadiazoles find prominent place
among the popular organic corrosion inhibitors [18,19]. Oxadi-
azoles are getting popular in multiple applications owing to
their low toxicity, environmental friendliness and biodegrad-
ability [20-24]. Because of the aromatic ring’s electron density,
N and O atoms exhibit a distinctive interaction with the Fe
d-orbital, quickly erecting a barrier on the metallic surface.
Oxadiazoles have an intriguing affinity for metal surfaces and
can more easily remove the water molecules adsorbed on the
metal surfaces than other traditional corrosion inhibitors.

In this study, a novel and environmentally friendly 3-(5-
naphthalen-2-yl-[1,3,4]oxadiazol-2-yl)-pyridine (NOP) is
synthesized to mitigate the corrosion rate of mild steel in robust
corrosive environments (1M HCI). The electrochemical measu-
rements, weight loss and SEM techniques were utilized to examine
the effectiveness of corrosion inhibition and the interaction
between the mild steel and synthesized molecule (NOP) in
IM HCI. Furthermore, the DFT analysis was also computed to
correlate the experimental outcomes with the theoretical data.

EXPERIMENTAL

Preparation of solutions: The acid electrolyte was
prepared using analytical grade 37% HCI (p = 1.18 g/mL).
Stock solution of the synthesized novel oxadiazole dertivative
viz. 3-(5-naphthalen-2-yl-[1,3,4]oxadiazol-2-yl)pyridine (NOP)
was obtained in 1M HCl solution by serial dilution method and
its concentration was employed from 50-500 ppm. For each
experiment, freshly made solutions were utilized to prevent
any contamination.

Synthesis of oxadiazole dertivative: A mixture of naph-
thaldehyde (1.0 equiv.) and nicotinic hydrazine (1.0 equiv.)
dissolved in 30 mL methanol was refluxed until the complete
condensation was attained (monitored by TLC). Then, the sub-
sequent solvent was evaporated using a rotary evaporator under
reduced pressure and the residue was redissolved in 15 mL
DMSO, then 3.0 equiv. of K,COs and 1.2 equiv. of I, were added
successively (Scheme-I). Furthermore, the reaction mixture
was stirred at 100 °C (4 h) till the completion of the reaction.
After cooling, the resulting mixture was treated with a 5%
solution of Na,S,0; before being extracted with ethyl acetate.
The organic layer was dried over anhydrous magnesium sulfate
after washing it with NaCl solution. The resultant residue was
recrystallized by column chromatography [25]. The final
product was obtained as a white solid. 'H NMR (400 MHz) &
ppm: 9.40 (dd, J = 2.2, 0.7 Hz), 9.27 (dd, J = 8.6, 0.7 Hz),
8.81(dd,J=4.9, 1.7 Hz), 8.51-8.45 (m), 8.28 (dt, J=7.3,3.7
Hz), 8.06 (d, J=8.3 Hz), 7.95 (dt, J=8.0,4.1 Hz), 7.71 (ddd,
J=28.5,73,3.9 Hz), 7.64-7.57 (m), 7.51 (ddd, J = 8.0, 4.9,
0.8 Hz); HRMS (m/z) (M+H) calculated for C;;H;;N;O is
274.0973.

The chemical compositions of the acquired mild steel (MS)
coupons were found as (by wt.%): Cr: 0.056; Cu: 0.010; Si:
0.015; Ti: 0.002; Ni: 0.009; S: 0.017; P: 0.019; Mo: 0.018; C:
0.054 and Fe: 99.8. The dimension of 0.42 mm thick coupons
was 3.0 cm x 2.0 cm. To get mirror finishing, the specimens
were rubbed with various grades SiC emery paper (320-2000)
and then finally degreased with hexane and acetone. Further-
more, these specimens were washed with double distilled water
and dried as per ASTM standard G-31 to provide a refined pers-
pective of these tested coupons.

Corrosion measurements

Gravimetric analysis: The traditional gravimetric method
was used to carry out weight loss studies. The obtained rectan-
gular MS coupons were immersed in 30 mL 1M HCl for 24 h
at 303 K with/without changing inhibitor concentrations (50
to 500 ppm). The corroded product was mechanically cleaned
by abrasively scrubbed with a brush after the permitted immer-
sion time, then washed with ethanol, hexane and acetone while
being ultrasonically cleaned, followed by a final rinse with
ultrapure water. The tested coupons were then removed. After
drying in an oven at 100 °C, the weight loss of these coupons
was measured with an analytical balance (precision + 0.1 mg).
The same was repeated to calculate the average weight loss,
corrosion rate (Cr) in mg cm™ h™', inhibition efficiency (IE)
and surface coverage (0). Eqns. 1 and 2 were used to compute
the Cr and IE, respectively [26-29].

AW
Cy At ey
where AW stands for weight loss in mg, A is the coupon’s
area in cm” and t is the submergimg time (h).

IE (%)= =W

x100 )
where W, and W represent weight loss without/with inhibitors,
respectively.

Furthermore, the IE (%) was calculated from C by utilizing
the following equation:

Cy-C
IE (%) = —R__R %100 3)
R

where CR and Cy are the corrosion rates in the non-existence
and existence of different inhibitor concentrations.

The surface coverage (8) can be correlated with corrosion
rate as well as weight loss by the following equations:

C -C
g=—R_“-R
s 4)
0= W, -W
or W ©)

_N
“/I\ (j)}\ NH; _MeOH, reftox (j)‘\ \/“ I, K,CO5, 104 °C ®/< )\“

Scheme-I: Synthesis of 3-(5-naphthalen-2-yl-[1,3,4]oxadiazol-2-yl)pyridine (NOP)
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Electrochemical evaluations: The electrochemical
analysis of the synthesized NOP inhibitor has been carried
out using Princeton Applied Research Parastat-4000. The EIS
and PDP were accomplished by utilizing a three-electrode
system that includes a silver electrode along with a luggin
capillary as a reference electrode, a platinum electrode that
functioned as the counter electrode and a rectangle-shaped MS
sample coupon acting as a working electrode (with an exposed
area of 1.0 cm?). Each MS coupon was thoroughly cleaned
before submerging. The corrosion potential (—Eco) with a
signal amplitude of 10 mV was employed to conduct EIS studies
between 10 kHz and 0.01 Hz frequency for the investigated
inhibitors (NOP) at four different concentrations ranging from
50 to 500 ppm.

The MS specimens were dipped in corrosive electrolyte
for 60 min before the execution of EIS analysis to achieve a
consistent corrosion potential and allow the open circuit
potential (OCP) to stabilize. For polarization measurements,
the anodic and cathodic curves were scanned between -250
mV and +250 mV (vs. silver electrode) at a scan rate of 1.0
mV/s. Electrochemical constraints such as corrosion potential
(Econ), corrosion current density (icor), anodic (B.) and cathodic
(B.) Tafel slopes were calculated by extrapolation of Tafel
slopes. Lo was utilized to for IE calculation.

Morphological analysis: The surface morphology of MS
specimens was recorded with the magnification of 1 wm before
and after the specimens in 1M HCI (24 h) solution tested with
and without inhibitors concentration of 500 ppm. The experi-
ments were examined using a Zeiss Gemini SEM 500 Thermal
Field Emission with a 15 kV acceleration beam.

Density functional theory (DFT) studies: The entire shape
was optimized using DFT software and the DMol®> module in
the aqueous phase [30-34]. The energy gap (AE), the fraction
of electron transmitted (AN) and the dipole moment (L) were
determined to correlate these descriptors of synthesized NOP
in neutral forms with the effectiveness of their inhibition. The
following equations and Koopman’s theorem were used to
compute several parameters, including ionization potential (IP),
electron affinity (EA), electro-negativity (), hardness () and
softness (0).

EA = _ELUMO (6)
IP = _EHOMO (7)
_IP+EA ®)

2
_IP+EA ©

2

o=+ 10
M (10)
RESULTS AND DISCUSSION

Evaluation of inhibition efficiency

Gravimetric analysis: The effect of added NOP in 1M
HCI solution was examined using gravimetric measurement

after the requisite immersion period (24 h). Table-1 displays
this study’s characteristic parameters (Cr and IE). The findings
made it evident that in IM HCI environment, the NOP signifi-
cantly impacted IE properties against MS corrosion. After 24 h,
the inhibition performance reached its highest value of 92.57%
at 500 ppm as the inhibitor concentration increased (Fig. 1).
The corrosion rate was effectively reduced to as low as 0.25
mg cm™ h'. The remarkable IE shown by the NOP can be attri-
buted to the outstanding adsorption behaviour of pyridine,
oxadiazole and benzene moieties, which develop a barrier on
the MS surface and inhibit the corrosion process in aggressive
acidic conditions.

TABLE-1
GRAVIMETRIC CALCULATIONS BEFORE
AND AFTER THE NOP FOR MS IN 1M HCI

o Concentration Cy (mg
Inhibitor (bpm) em? b N (%) 0
Blank 0 3.364 = =
50 0.905 73.09 0.731
100 0.710 78.89 0.789
A0 250 0.446 86.74 0.867
500 0.250 92.57 0.926
95
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Fig. 1. Temperature-dependent inhibition efficiency and corrosion rate of
NOP at varying concentrations of NOP

Potentiodynamic polarization (PDP) studies: The PDP
analysis were performed by dipping the working electrode in
IM HCI solution for 60 min before being conducting the
experiments (with/without inhibitor). Fig. 2 illustrates the
outcomes of static polarization tests.

The polarization plots were used to assess all the relevant
electrochemical kinetic parameters, including icor, Ecor, N%
and B, and B. (anodic and cathodic slopes) (Table-2). These
results were obtained by extrapolating Tafel slopes around the
linearized current areas. The effective adsorption characteris-
tics and the propensity of the NOP to produce a defensive film
on the working electrode festinate its protective action [35-39].
Across all inhibitor concentrations, two linear segments were
observed. In the limited polarization potential domain, the first
segment shows a steady increase in current density, whereas
the remaining segments show a rapid increase. After the investi-



1082 Sharma et al. Asian J. Chem.
TABLE-2
POTENTIODYNAMIC POLARIZATION VARIABLES FOR MILD STEEL CORROSION IN EXISTENCE AND NON-EXISTENCE OF NOP
IR C"“(C;l‘)‘:;*)m"“ Egé‘é‘;’” ion (MACT) B, (mVdec’)  -B. (mV dec?) TNeop (%) 0
Blank 0 458.65 568.34 127.45 119.54 - -
50 475.25 282.71 113.24 128.57 50.26 0.503
NOP 100 486.54 144.54 104.45 131.47 74.57 0.746
250 511.57 117.50 124.68 109.45 79.33 0.793
500 532.25 102.84 137.98 101.74 80.15 0.802
2 EIS measurements: The interaction between the designed
NOP and the electrode surface interface can be examined using
47 ‘ﬁ' EIS (charge transfer, diffusion and adsorption). Semicircle
- .‘{‘ capacitance was observed across the whole frequency range
. : ." I~ (Nyquist curve, Fig. 3) for the MS coupons dipped in 1M HCl
e 8 . \’09. ~ . solution with/without additional inhibitor. As the inhibitor dose
3 " rises, semicircle’s radius also rise accordingly. Due to the irregu-
E 104 larity and frequency dispersion of the electrode surface, semi-
c circle loops are likewise non-regular [40]. The Nyquist plot’s
42 findings were strengthened by Bode curves (Fig. 4). Further-
—®— Blank more, it is evaluated that the inhibitors’ loop size is larger than
144 _:_ fgoppm that of the blank. This difference grows with inhibitor concen-
ppm tration due to the adsorptive protecting species occupying the
e —v— 250 ppm
161 ¢ 500 ppm MS surface [41].
-OI.3 -OI.2 -OI.1 (I) OI.1 OI.2 0.3 50
E (mV/SCE) —©- Blank
. .. . 45+ —e— 50 ppm
Fig. 2. Effc?ct of addition of NOP on the PDP curves at different concen- —e— 100 ppm
trations of NOP 40 —e— 250 ppm
e e . . . 354 —6— 500 ppm
gated inhibitor (NOP) was introduced to the corrosive solution,
some changes were observed in the [B, and .. << 30 . /e/°{°\e\e
The anodic branch’s decrease in partial current was less é ol /o/ L \o\
significant than that of the cathodic unit. If the shift exceeds = e - e e,
+85 mV, the inhibitors were classified as cathodic or anodic N 20+ yor ‘e, °\
and characterized as mixed-type inhibitors. As the E..: value 154 °/°/ fe‘°'°‘°‘e;e . ee\
shift was less than 85 mV, the developed inhibitor in this current p; ° ® °~°
investigation displayed the mixed-type behaviour. The PDP 10+ QQ: % %
data provide further details on the kinetics of cathodic and 5- 2 X E
anodic processes. They are also congruent with the gravimetric
measurement outcomes and give more information on the 07
inhibitors’ mechanism of action. 0 2'0 4'0 6|0 8|0 100
The IE can also be calculated from the corrosion current Z, (Qcm’)

densities by the equation given below:

:0
lR

T]Tafel (%) = ~: IR x 100

I

(1)

where i and ir are the corrosion current density in the prior to
and following the NOP.

Fig. 3. Effect of addition of NOP on Nyquist plot for MS in 1M HCI solution

An electrochemical equivalent circuit (Fig. 5) containing
a solution resistance (R;), the constant phase element (CPE) as
well as the charge transfer resistance (R (Table-3) was used
to explain the impendence performance [42].

TABLE-3
EIS PARAMETERS FOR MILD STEEL CORROSION PRIOR TO AND FOLLOWING THE NOP
mhibior o L RO e R@ 0 R@ @E e e %
Blank 0 9.31 245.09 0.875 2.62 34.23 116.99 - 0.124
50 20.07 140.66 0.828 5.20 33.31 80.23 53.60 0.536 0.165
NOP 100 44.57 134.72 0.790 5.29 39.07 41.59 79.10 0.791 0.177
250 79.57 120.16 0.739 5.57 46.77 30.45 88.29 0.883 0.324
500 81.86 105.94 0.664 5.64 56.09 24.70 88.62 0.886 0.248
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Fig. 4. (a) Bode plot and (b) phase angle plot for mild steel in 1M HCI solution for varying concentrations of NOP

Inhibition layer ===

Acidic solution CPE

(1M HCI)

Mild steel

Fig. 5. Equivalent circuit used to fit EIS data

The CPEq, which offers more precise adjustment and can
be used to assess the depressing nature of the semicircles [43],
may be expressed as:

Zere = Q™' (i)™ (12)
where, Q is used for the CPE constant, i and ® stand for
imaginary roots and angular frequency, respectively, while n
is the deviation indicator related to mild steel surface homo-
geneity. Furthermore, the formula given below can be utilized
to calculate the double-layer capacitance (Cq) [44,45]:

1 1
X

“ 2nfmax lQCT
where, fi.is the frequency on the top of the semicircle of Zca
axis and Rer stands for the charge transfer resistance at various
concentrations. Neis (%) was estimated by using the formula:

—R®

R
Nexs (%)=%x100 (14)
T

(13)

where, Rer and R2r denote the charge transfer resistances
inclusion/exclusion of the inhibitor.

It is determined that NOP exhibits the highest Rcr value
at 81.86 Q cm’. Additionally, it has been observed that the Rer
value for the inhibitor under study is congruent with the reduction

in the double-layer capacitance (Ca) (Table-3). This finding
may be explained in terms of better surface coverage on the
MS surface by the examined NOP obtained after replacing
the H,O and CI ions [46]. Metal dissolution is decreased due
to impending extra mass and electron charge density [47].

According to the Bode and phase angle plot (Fig. 4a-b),
the adsorption phenomenon caused In Izl and the phase angle
approach to zero at the high-frequency region, which indicates
that the electrolytic solution has high conductivities values.
The improvement in total impedance seen with increasing
inhibitor concentration in electrochemical experiments was
consistent with the NOP’s protective properties.

Adsorption studies: For analyzing the interaction between
the adsorbed inhibitors, adsorption isotherms provide ample
information. The surface coverage (0) vs. conc. of the inhibitors
(Cimn) was correlated using the Langmuir adsorption isotherm.
After data evaluation, it was evaluated that the regression
coefficient for the linear curve fitting caused by the Langmuir
adsorption isotherm is 0.99628 (Fig. 6). Additionally, K.4 was
calculated (eqn. 15) and correlated to AGy; (standard free
energy of the adsorption isotherm) by the following equality
[48,49].

AG?, =-RTIn(55.5xK ) (15)

The physical adsorption will occur if the value of AGZ is
less negative than 20 kJ/mol; however, chemical adsorption
behaviour was observed when is more negative than 40 kJ/
mol [50,51]. In present work, the calculated value was found
to be -29.782 kJ/mol (Table-4), demonstrating that NOP
molecules physisorbed as well as chemisorbed on the MS and,
as a result, firmly adsorbed to the metal surface.

Impacts of temperature and activation parameter: The
temperature considerably impacts the behaviour of inhibitors
and substrate in an aggressive medium. The ability of the MS
to mitigate corrosion is decreased because the organic compo-
nents become more soluble at higher temperatures. Gravimetric
analysis was carried out at various concentrations of NOP at
three different temperatures viz. 303, 313 and 323 K. Table-5
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Fig. 6. Langmuir adsorption isotherms for NOP on mild steel in 1M HCl

TABLE-4
ADSORPTION PARAMETERS FOR NOP IN 1M HCI SOLUTION
e 2 AGoads
Isotherm Inhibitor R Ko (d/mol)
Langmuir NOP 0.99628 2.46 x 10° -29.782
TABLE-5

Cy, IE (%) AND SURFACE COVERAGE (6) OF MS IN 1M HCl
SOLUTION OF NOP AT DIFFERENT TEMPERATURES

Temp. (K) (CI:);IIIICI) (mg CIII:'Z h') Nw (%) 0
Blank 0 3.364 - -
50 0.905 73.09 0.731
303 100 0.710 78.89 0.789
250 0.446 86.74 0.867
500 0.250 92.57 0.926
Blank 0 4.486 - -
50 1.250 72.14 0.721
313 100 1.017 77.33 0.773
250 0.735 83.62 0.836
500 0.447 90.04 0.900
Blank 0 6.951 - -
50 1.993 71.33 0.713
3 100 1.772 74.51 0.745
250 1.314 81.09 0.811
500 0.896 87.11 0.871

listed the rates of corrosion before and after exposure to various
inhibitor doses.

The NOP’s inhibitory effectiveness was shown to decrease
and the corrosion rate grows with the temperature at different
concentrations, indicating that the inhibition layer may disinte-
grate with the temperature rise (vide supra). The current investi-
gation shows that Arrhenius-type behaviour is observed among
the temperature and the corrosion rate. Applying eqn. 16 to
various temperature ranges with and without NOP makes it
easy to evaluate the E, of the corrosion process [52,53].

Eﬂ
InC, =A RT (16)

The transition state theory was used to evaluate the corrosion

process’s thermodynamic parameters such as enthalpy (AH)

and entropy (AS), whereas E, was calculated from the slope
of the equation (-E./RT) (Fig. 7).

C —Eex £ ex —_AH
LN p R p RT (17)

AH and AS were assessed from the plot of In (CR/T) vs. 1/T
(Fig. 8) and are presented in Table-6. The inhibited electrolytes
have a higher activation energy than the uninhibited ones. The

2.0

-15 T T T T T
3.10 3.15 3.20 3.25 3.30

1000/T (K™)
Fig. 7. In [CR] versus 1000/T at different concentrations of NOP

1.0
@ Blank
| ® 50 ppm
05 & 100 ppm
® 250 ppm M
04 & 500 ppm

Fit line

©
(4]
1

IN[Cx/T] (mg em?h' K"
5
1

.1 5 -
-2.0-
-2.5,
T T T T T
3.10 3.15 3.20 3.25 3.30
1000/T (K™)

Fig. 8. In [Cr/T] versus 1000/T for mild steel corrosion in 1M HCl solution
at various concentrations of NOP

TABLE-6
MILD STEEL ACTIVATION PARAMETERS
(E,, AH, AS) FOR MILD STEEL WITH/WITHOUT NOP

Medium Conc. E, AH AS
(ppm) (kJ/mol) (kJ/mol) (J mol! K1)
Blank 0 29.45 26.49 -111.36
50 29.95 29.36 -110.13
100 37.13 35.26 -94.13
WO 250 43.92 41.15 -78.27
500 51.82 48.82 -58.04
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blank solution has an activation energy of 29.45 KJ/mol, whereas
the activation energies varied from 51.82 to 29.95 KJ/mol for
the inhibited solutions.

The inhibitory molecules in the electrolytic solution appear
to act as a barrier against these corrosion reactions. It is further
supported by the fact that the electrostatic contact between
the MS and the inhibitory molecules is responsible for the rise
in activation energy in this process [54]. The positive value of
AH also indicates that the metal-dissolving process exhibits
endothermic activity. Additionally, given that the E, is higher
than the enthalpy of their analogs, it is evident that the corrosion
phenomena involves a gaseous reaction brought on by proton
reduction [55]. Furthermore, the negative values of AS show a
decrease in randomness [56]. The reaction involves the activated
complexes formation, which is the slow step and hence the rate
determining step.

Surface characterization: An efficient method for corro-
borating the findings of gravimetric and electrochemical tests
is to examine the morphological analysis of the MS surface
after polishing (with 320-2000 grade SiC emery paper) and
immersion in 1M HCl electrolyte in the inclusion and exclusion
of the investigated inhibitors. The FESEM images show that
after being submerged for 24 h, the tested inhibitors dveloped
a defensive film on the MS surface (Fig. 9). The acidic circum-
stances significantly corroded the MS surface, facilitating the
tested coupons’ rapid dissolution. As shown in Fig. 9, the uncon-
strained sample is rough and highly porous with very deep
holes. Additionally, a significant amount of NOP was adsorbed
on the MS surface, slowing down the metal dissolution process.

DFT calculations: Quantum chemical investigations,
which are astounding and instructive methodologies, can be
used to evaluate and comprehend the structural information
of organic compounds that trigger the corrosion rate and have
inhibitory characteristics [56-58]. To understand the corrosion
protection system of applied molecules in terms of molecular
and electronic characteristics [59-68], the DFT parameters viz.
Euomo, ELumo, energy gap (AE) and dipole moment (|1) were
computed. The HOMO-LUMO energy levels and the chemical

reactivity of the inhibitor are directly correlated, as shown by
FMOs. Table-7 indicates that NOP has greater Enowmo and relat-
ively lower E;uwmo values due to their capacity to donate electrons
to the metal’s empty d-orbital and their propensity to accept
them by back donation, supporting the inhibitors’ potent adsor-
ption activity.

Another important parameter that gives information on
the bond polarity and the dispersal of electrons in the molecule
is the dipole moment (W) [69-71]. The higher value of 1 helps
to increase the inhibitory efficiencies by enhancing the adsor-
ption characteristics. The amount of solvation energy of a mole-
cule in water is determined by its dipole moment, which also
displays the relative propensity of molecule to stick to the surface
of water. Another factor affecting the adsorption behaviour of
the inhibitors and chemical relativities is the degree of softness
and hardness of the inhibitors. The following equation can be
used to compute and correlate the electron affinity and ioni-
zation energy.

I-A
n=— (18)
where 1 denotes the degree of hardness and softness (G) is the
inverse of hardness. Softer molecules have a smaller energy
gap between the HOMO and LUMO. As a result, they exhibit
higher chemical reactivity and greater corrosion inhibitor
capabilities since they can quickly transfer the electron to the
acceptor (Fig. 10).
Additionally, the electron transfer (AN) value also compre-
hends the interaction between metal and inhibitory molecules
[72], which is calculated as:

= Pre " Xim

2(nFe + T‘linh )

According to DFT calculations, the calculated value of @

was observed to be 4.82 eV for Fe (110). In present study, AN
values are in accordance with the experimental outcomes. The
total charge density of the investigated corrosion inhibitor (Fig.
11) is spread in major surrounding regions. This contains several

19

TABLE-7
QUANTUM CHEMICAL DESCRIPTORS FOR NOP
Inhibitors  E, g, (€V) E vo (€V) AE 1(eV) EA (eV) u (D) x (V) n (eV) c eV AN,
NOP -0.236 -0.087 0.149 0.236 0.087 5.760 0.074 0.161 13.984 0.183
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Fig. 10. Optimized geometries, HOMO and LUMO of investigated NOP

Fig. 11. Total charge density of NOP

functional groups that can interact with metal surfaces, forming
a protective film that prevents or slows down the corrosion
processby enhancing its adsorption and interaction with metal
surfaces.

3 »
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Molecular electrostatic potential (MEPs) studies: The
electrophilic character in the NOP inhibitor is situated around
the oxygen atom, that appears as red-yellow (Fig. 12). Due to
their potent inhibitory effects, the electrophilic prone areas
may increase the electron transmission with vaccant d-orbitals
of Fe and so efficiently bind to the substrate (vide supra).

In Fig. 13, the surface contour of NOP has been illustrated.
As can be seen, there is a huge affinity for the interaction towards
the MS surface in aromatic rings, heteroatoms and several
functional moieties, which facilitate effective adsorption on
the MS surface and offer excellent corrosion inhibition. Overall,
surface contour studies in DFT can provide valuable insights
into the molecular-level interactions between corrosion inhib-
itors and metal surfaces, helping to guide the design of more
effective inhibitors for corrosion prevention.

Fig. 13. Surface contour studies of NOP

Mechanism of anti-corrosive action: The results of
numerous corrosion investigations (gravimetric analysis, EIS,
PDP and DFT) suggested that adsorption behaviour is existing
between the MS surface and the investigated inhibitors (Fig.
14). Furthermore, NOP is characterized primarily by their ease
of protonation in acidic media [73]. In corrosive media, hetero-
atoms like N and O are more likely to protonate. In the mean-
time, it is observed that the chloride ion, preferentially absorbed
on the MS surface electrostatically attracts the protonated NOP.
In the adsorption process, the initial stage is physisorption,
which is the basic step prior to chemical adsorption after which
NOP makes an interaction through acceptor-donor liaison. The
lone pair present on the N and O atoms is readily available for
donation to empty d-orbital of Fe, demonstrating the chemical
adsorption.

Fig. 12. MEP of the developed NOP



Vol. 35, No. 5 (2023)

Corrosion Studies of 3-(5-Naphthalen-2-yl-[1,3,4]oxadiazol-2-yl)-pyridine against Mild Steel in 1 M HCI 1087

Inhibitor

hemisorption
Physorption

Inhibitor

Nater

Fig. 14. Pictorial arcitecture of the NOP adsorption on mild steel in 1M HCl

Conclusion

The effective inhibitory performance of the newly synth-
esized oxadiazole dertivative 3-(5-naphthalen-2-yl-[1,3,4]-
oxadiazol-2-yl)pyridine (NOP) of mild steel (MS) corrosion
in 1M HCI was evaluated using systematic experimental and
theoretical methodologies. The results indicated that the synth-
esized NOP inhibitor has outstanding inhibitory efficacy against
MS corrosion. Its addition gradually decreased the corrosion
current density, illustrated by PDP curves, indicating their
mixed-type inhibitory activity. Additionally, these outcomes
are supported by the EIS data. Langmuir adsorption isotherm
was utilized to gather information about the adsorption pheno-
mena was obtained. The SEM and DFT results showed that
NOP displayed excellent adsorption behaviour on the mild
steel surfaces. By increasing the activation energy, the studied
inhibitor lowers the energy barrier for reactions involved in the
corrosion process. The effectiveness of inhibitory performance
agrees well with quantum mechanical characteristics such as
EvLumo, dipole moment (W), total energy (AE) of the system and
the number of electrons transferred (AN) by these inhibitors.
The results of this investigation have important implications for
future efforts to improve corrosion inhibitors by functionalizing
NOP.
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