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Abstract- The present work deals with the corrosion inhibition mechanism of mild steel in 1
M H2SO4 employing the new carbonitrile derivative viz. 2-amino-4-(4-hydroxyphenyl)-6-(p-
tolyl)-4H-pyran-3-carbonitrile (HCN). A such mechanism was elicited by means of the
potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS)
techniques and weight loss (WL). The experimental results revealed maximal inhibition
efficiency (IE) rates up to 92.4% in weight loss. WL measurement revealed a decrease in
corrosion rate with increasing concentration of corrosion inhibitor and decreasing with
increasing temperature up to 333 K. The Nyquist curves indicated that the corrosion inhibition
was controlled by a charge transfer process whereas the PDP curves showed that the HCN
behaved as a mixed-type corrosion inhibitor. The Langmuir isotherm was used to determine
the adsorption thermodynamic parameters. Thermodynamic characteristics for activation and
adsorption were determined and discussed. Adsorption free energy at 303 K (4G .= -22.26
kJ mol for HCN) indicated a combination of chemisorption and physisorption. The inhibitor
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(HCN) formed a protective layer that acted as a barrier between the surface of the metal and
the acid medium which was investigated through surface studies like Scanning Electron
Microscopy (SEM) coupled with Energy dispersive X-ray analysis (EDS). The surface studies
were in coincidence with weight loss and electrochemical studies. Density functional theory
(DFT) was performed to support the experimental data in an aqueous medium using the basis
set 6-311G(d,p). From the Mulliken population analysis, the adsorption sites have been studied
and the results of DFT were steady with the experimental studies.

Keywords- Oil and gas; Mild steel corrosion; Potentiodynamic polarization; Langmuir;
SEM/EDS; DFT

1. INTRODUCTION

Metallic materials are frequently used in almost all industries, also they are sensitive and
become corrode when they expose to various atmospheres like water, oxygen, humidity, salt,
acid, etc. This is because metals are stable thermodynamically in their ore form, when the pure
form of metal is unstable thermodynamically exposed to the atmosphere, it is the natural
process of a metal to form ores depending on the constituents present in the atmosphere.
Prevention of metal towards corrosion not only saves the industries, and economic loss to the
nation, but it also has an impact on the environment [1]. Mild steel (MS) is also called low
carbon steel which has 0.05— 0.25% carbon and also MS is one of the Fe alloys which is most
widely used in industries like batteries, boilers, petroleum and oil, electroplating, etc. These
industries are frequently working in acid environments. So, effective materials are always a
good choice to handle this acid medium that needs utmost care and thorough knowledge of
engineering. Due to the existence of some anions like chlorine, sulfides, nitrates, cupric salts,
ferric salts, etc. present in the acid/alkali environment or a great level of aeration intensifies the
oxidizing power of the solution which leads to enhanced corrosion mutilation. For the purpose
of removing rust from the metal, metal specimens must be submerged in an acidic solution,
such as diluted hydrochloric acid or sulphuric acid, which removes scales and rust from the
metal surface. This procedure is referred to as acid pickling [2]. Though, after the removal of
rust, acid continues to stay that attacks the pickled metal, and makes it dissolve, hence, to stop
the influence of acid on the metal surface, a corrosion inhibitor is needed. Though other
corrosion prevention techniques like coatings, modifying the design, paints, cathodic
protection methods, etc. are available, the usage of inhibitors is found to be an efficient method
for preventing metal from acid corrosion.

Corrosion inhibitors offer an efficient, convenient, cheap, non-toxic, easily available, and
also cover the metal surface through protonation followed by the adsorption process that
controls the metal corrosion in the aggressive medium. Chemisorption and physisorption are
the two modes of the adsorption process in which an inhibitor interacts with the metal for
prevention. The former takes place through the sharing/transferring of charge from the
corrosion inhibitor molecules to the metal surface and forms a complex co-ordinate bond
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whereas the latter results from the electrostatic or weak interaction between metal and the
inhibitor molecules. Both processes can occur in some cases simultaneously.

To keep the metal inactive against corrosion, organic corrosion inhibitors are one of the
active solutions for this process. Corrosion researchers are regularly searching for efficient
organic inhibitors which should be cheap, non-toxic, economical, and must dissolve in agueous
solutions to mitigate the corrosion in industries. Heterocyclic compounds with unsaturated
bonds play a major role in preventing metals from acid corrosion. The efficiency of such
inhibitors also depends on the functional groups like -NH2, -OH, etc., and heteroatoms like S,
O, and N present in their chemical structure [3-10]. Nitrogen-containing heterocyclic
compounds like benzimidazoles, pyrazoles, pyrimidines, purines, triazoles, etc have already
been reported and reviewed in the aggressive medium [11-18]. Oxygen-containing heterocyclic
compounds like pyran derivatives possess pharmaceutical and other biological activities
[19,20]. Consequently, there were recent investigations based on the synthesis of pyran
derivatives and their utilization of them as corrosion inhibitors. The authors reported that these
pyran derivatives showed a good inhibition performance in various aggressive mediums [21-
26].

The primary innovation of our research is the examination of the anticorrosive effects of
2-amino-4-(4-hydroxyphenyl)-6-(p-tolyl)-4H-pyran-3-carbonitrile (HCN) as an ecologically
friendly inhibitor for MS-corrosion in H2SO4 electrolyte. Thus, this work aims the study how
the cyanopyran derivative (HCN) influences the prevention of mild steel from acid corrosion
through weight loss, electrochemical, and surface studies like SEM-EDS. In the aqueous phase,
quantum chemical calculations were also carried out to determine the energy state and
electronic structure of the inhibitor molecule. The results of experimental studies were
consistent with the theoretical studies.

2. EXPERIMENTAL METHODS

2.1. Inhibitor Synthesis

Acetophenone (0.01 mol), 4-hydroxy-3,5-dimethoxybenzaladehyde (0.01 mol), and dry
ethanol (20 mL) were mixed with the addition of NaOH (0.5 g) at 0 °C. The contents were
stirred for about 360 minutes at room temperature. Then the mixture was decanted into ice-
cold water and dil. HCI was added to maintain the pH between 3 and 4. The chalcone was
obtained and it was filtered and recrystallized in anhydrous ethanol. Using an ultrasonic bath
sonicator, an equimolar mixture of prepared chalcone in the above process and malononitrile
were irradiated in the presence of pyridine for about 30 minutes. The obtained solid was added

to cold water, the product was filtered and recrystallized from ethanol [27]. The HCN
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compound was characterized by FTIR spectra using IR Affinity1 spectrometer (Shimadzu) and
13C NMR spectra were recorded (Brucker, DPX-400 model — DMSO (solvent)).

2.2. Materials used for corrosion assessment

The MS specimens were rubbed with abrasive papers to get a very polished surface,
degreased with acetone, and then air-dried. The composition of the MS, the abrasive paper used
in the polishing and the procedure have been collected in Table 1.

Table 1. The composition of the MS, the abrasive paper used in the polishing and the procedure

(%) Composition of cold Certain elements like
rolled MS C- 0.084; Cr-0.022; M0-0.011; Ni-0.013 & Fe-99.32

3x1x 0.08 cm (weight loss (WL) & SEM-EDS studies) & 0.785 cm?

Dimension (cylindrical rod for electrochemical studies)
Abrasive papers 1/0, 2/0, 3/0, and 4/0

Corrosive medium 1 M H;SO4

Chemicals Purchased from Sigma Aldrich

Procedure ASTM standard G31-72

2.3. Weight loss studies

The formulas described in the literature were utilized to compute characteristics like
inhibitory efficiency (IE percent) and surface coverage (0) [12]. The inhibition efficiency and
corrosion rate from WL studies were calculated using the formulae,

Inhibition efficiency (IE %) =MX100 1)
Wb
where Wb = WL without inhibitor; Winn = WL with inhibitor,

Similar procedures were followed for different temperature ranges i.e., 313, 323, and 333

+1K with 2 mM inhibitor concentration using the thermostat. Activation parameters like Ea,

AH*, and AS* for the corrosion process were calculated using the formula,

logCR = i+IogA
2.303RT (2)

CR= R—expﬁexp AH
Nh R RT (3)

h-Planck’s constant, N-Avogadro number, T-absolute temperature, R-molar gas constant.

2.4. Electrochemical studies

IVIUM Compactstat Potentiostat/Galvanostat was used to record the electrochemical
measurements. MS In order to get a stable result, specimens were submerged for 30 minutes
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during a stabilization phase before being collected for Eocp measurements. For determining the
impedance characteristics, corrosion potentials with frequency ranges of 10000 to 0.1 Hz and
signal amplitudes of 10 mV were used. Both the imaginary and real parts (Z' and Z") were
measured at various frequencies. After completing EIS investigations in the same cell, the
potential range for the open circuit potential was chosen to be between -200 mV and +200 mV
at a sweep rate of 0.5 mV/sec [28]. The inhibition efficiency was calculated using the formula,

A .. Rp(inh) ) Rp
Inhibition efficiency (%) = —™ ?x 100 4)
p(inh)

where Rp and Rp inny are the polarization resistance obtained in the absence and presence of the
inhibitor. The inhibition efficiency was calculated from icorr using the formula,

Inhibition efficiency (96) = =@ 100 (%)

|c0rr
where icorr and icorr(inh) Signifies the corrosion current density in the absence and presence of an
inhibitor.

2.5. Surface examination study

SEM and EDS techniques have been performed to observe the surface changes in the
presence of acid with and without the inhibitor. WL method was followed for investigating
surface studies using the equipment XRD, Bruker D8 Advance.

2.6. Computational studies

Computational studies like quantum chemical calculations are widely implemented to study
the organic molecules containing heterocyclic atoms/rings for corrosion studies. The
geometrical optimization of the studied inhibitor molecule HCN for the protonated and non-
protonated forms in the aqueous phase was studied using DFT with basis set B3LYP- 6-
311G(d,p) executed in the GO9W package [29-31]. The output was then used to determine the
molecular characteristics, such as the energy of the highest occupied molecular orbital (EHomo),
energy of the lowest unoccupied molecular orbital (ELumo), energy gap (AE), electronegativity
(%), global hardness (1)), global electrophilicity index ((®), and total energy (TE), in order to
identify the reactive sites in the structure [32,33].

3. RESULTS AND DISCUSSION
3.1. Spectral details of the inhibitor

The yield and color of the synthesized inhibitor namely 2-Amino-4-(4-hydroxyphenyl)-6-
(p-tolyl)-4H-pyran-3-carbonitrile (HCN) is 99% and yellowish-brown solid respectively. The
melting point of HCN is 244 °C. IR spectrum (y/cm™): 3621.36 (-OH); 3467.32 (-NH>);
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2241.75 (-C=N), 1*C NMR (300 MHz, DMSO solvent-d6) § (ppm): 117.4 (-C=N), 134.9 (C-
OH), 56.3 (Aliphatic -CHs), 91.6-159.5 (pyran ring) (Fig. 1).
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Fig. 1. FTIR Spectra of the inhibitor HCN
Table 2. Weight loss measurements
Temperature Concentration Weight Surface area Inhibition
(K) (mM) (mg/cm?) (0) efficiency (%)
BLANK 0.0594 - -
0.1 0.0237 0.6010 60.1
30341 0.5 0.0178 0.7003 70.0
1 0.0121 0.7963 79.6
15 0.0084 0.8586 85.9
2 0.0045 0.9242 92.4
BLANK 0.0687 - -
0.1 0.0331 0.5182 51.8
31341 0.5 0.0246 0.5859 58.6
1 0.0167 0.7189 71.9
15 0.0139 0.7660 76.6
2 0.0087 0.8535 85.3
BLANK 0.1414 - -
0.1 0.0764 0.4597 46.0
39341 0.5 0.0596 0.5785 57.9
1 0.0459 0.6754 67.5
1.5 0.0388 0.7256 72.6
2 0.0244 0.8274 82.7
BLANK 0.1833 - -
0.1 0.1094 0.4032 40.3
33341 0.5 0.0833 0.5456 54.6
1 0.0653 0.6438 64.4
15 0.0581 0.6830 68.3

2 0.0334 0.8178 81.8
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3.2. Weight loss method

The weight loss measurements were conducted three times under the same condition at
303+1K. Temperature and concentration of the inhibitor are the important parameters to fix the
optimal condition for corrosion prevention of metals. The difference in the weight loss of the
metal as a function of the inhibitor concentrations (0.1, 0.5, 1, 1.5, and 2 mM) in 1 M H2SO4
solution at varying temperatures (303, 313, 323, and 333t1 K) is displayed in Table 2. With
an increase in inhibitor concentration, the MS inhibition efficiency steadily grew, declined, and
fluctuated with temperature, respectively. The findings show that efficient inhibition of HCN
is detected, which would be attributed to the protective layer generated at the interface between
the MS and acid solution [34]. The inhibition efficiencies at higher temperatures were less
compared to the lower temperature i.e., 303 K which specified that the inhibitor molecule was
adsorbed through the electrostatic interactions, i.e., physical adsorption which are not existing
at higher temperatures [35].

3.3. Activation parameters

The Arrhenius and transition plots were drawn to evaluate the parameters like activation
energy, enthalpy, and entropy (equations 2,3) to obtain information about the metal dissolution
process [36]. Table 3 showed the activation parameters for MS corrosion in acid solution at
different temperatures (303 to 333 +1 K). The Eavalues (Arrhenius plot illustrated in Figure
2A) are greater for the inhibited solution than the blank solution which means it controls the
corrosion rate for MS which indicates that the increased apparent activation energy for the
inhibited acid solution/MS system can be taken as physical adsorption. Enthalpy (AH*) values
in Table 3 and Figure 2B (Transition state plot) show that the steel dissolving phase is
endothermic. The motivation behind removing its adsorption barriers on the steel surface is the
change in negative value caused by a rise in HCN concentration. The negative entropy (AS*)
values indicate the associative step rather than the dissociative and represent the disorderliness

of the inhibitor/metal system [37].
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Table 3. Activation parameters

Concentration of Ea AH* -AS*

the inhibitor kJ mol* kJ mol* Jmol*K?
Blank 27.25 31.68 90.25

0.1 45.45 42.81 41.05

0.5 46.30 43.66 40.68

1.0 50.82 48.18 29.11

1.5 57.39 54.75 10.16

2.0 59.04 56.40 9.32

3.4. Langmuir adsorption isotherm

The linear regression coefficient (R?), which characterizes the adsorption isotherm model,
is shown as a succession of straight lines that are getting closer to unity in Figure 3. Langmuir
adsorption isotherm model was the most suitable fit for this HCN/metal/sulphuric acid system
and is represented as follows

—= —+C (6)

where Kads, C, and 6 are, for the adsorption process, inhibitor concentration, and proportion of
surface covered, respectively, equilibrium constants. The relationship between Kads and the free
energy of adsorption (AG;S) is given by the following expression

AGass =-2.303 x RT xlog (55.5 K) )

The AG:ds and Kads values were calculated from equation 7 and presented in Table 4.

Figure 3 shows the Langmuir plot with the relation between C/0 and C at various
temperatures. The high Kads values specify the strong adsorption of the inhibitor HCN on the
MS substrate and henceforth a better inhibition performance which is ascribed to the m-
electrons present in the chemical structure of the inhibitor HCN. The negative values of AG s
give information about the spontaneity of the inhibitor HCN adsorption on the MS surface and
also the nature of the adsorption process i.e., either physisorption or chemisorption [38].

Table 4. Langmuir adsorption parameters at 303 to 333 +1 K

2 Kads - AGod
Temperature R Slope mol It o mgls‘l
303 +1 K 0.9984 1.05 144.44 22.26
313+1 K 0.9989 1.13 204.43 24.30
323 +1 K 0.9986 1.16 224.14 25.32

333+1 K 0.9995 1.22 272.06 26.65




Anal. Bioanal. Electrochem., Vol. 14, No. 9, 2022, 818-836 826

25 F

20 F

15F

C/o

10F = 303K

00 1 1 1 1 1
0.0 05 1.0 15 2.0
C

Figure 3. Langmuir plot

Generally, if the values of AG:ds > —20 kJ mol ! are attained, then the physisorption

mechanism favors whereas if they are —40 kJ mol ™! or lower, then the chemisorption favors.
Table 4 shows the AG;ds values range from —22.26 to —26.65 kJ mol™!, which is between —20

and —40 kJ mol'. Therefore, the adsorption process is a mix of chemisorption and
physisorption.

3.5. Electrochemical impedance spectroscopy studies

EIS technique is used to know about the mechanism of the corrosion prevention process.
The one-time constant equivalent circuit (Randle’s) is used to fit and analyze the impedance
data. Figure 4 shows the Nyquist and Bode&phase plots for the MS dipped in 1 M sulphuric
acid with and without inhibitor at 303+1K. Table 5 shows the values of polarization resistance
(Rp) and double-layer capacitance (Car). Nyquist plots show the increase in the diameter of the
semicircle when the concentration of the inhibitor increases. This reveals that the inhibitive
layer is formed at the MS/solution interface which indicates the decrease in Cai values [39].
The drop in Ca values reveals the displacement of water molecules and other ions by HCN
molecules during adsorption, as well as the thickening of the adsorbed layer on the metal
surface. When the concentration of the inhibitor is increased, an increase in Rp and a fall in Ca
readings indicate that a protective layer is forming on the MS surface, stopping the corrosion
process [40,41].

Bode plots offer awareness of capacitive, resistive, and inductive behavior of the system at
different frequencies and they can also be used for interpreting the EIS data along with the
frequency of AC waves. Figures 4(a) and (c) represent the impedance and phase angle
modulations with frequency (Bode plots) for MS corrosion in 1 M H2SO0a4 with and without
inhibitor HCN. The charge transfer role in the metal dissolution process was revealed by the
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presence of a single-phase angle plot [42]. Also, at intermediate frequencies, the maximum
phase angles were seen and it has diverged from the ideal capacitive value of 90°, once more
this feature highlights the non-ideal behavior of the MS/sulphuric acid system [43]. The
maximum phase angle value and the phase angle shift towards lower frequency were found,;
these facts demonstrated that the addition of the inhibitor HCN and the inhibitor's barrier
property reduced the rate of corrosion [44]. Moreover, the impedance value increased with an
increase in the inhibitor concentration which was observed in Bode-impedance curves. In Bode
plots (Figure 4b), we learned that the charge transfer process occurred at the MS/ acid interface
which was revealed by only one phase maximum, showing only one relaxation procedure [45].
In other words, the decrease in surface roughness and inhomogeneity after adding HCN is due
to the increase in the n value.
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Figure 4. a) Nyquist; b) Bode; ¢) Phase diagrams in 0.5 M sulphuric acid solution with and
without inhibitor; d) the circuit used to fit EIS spectra
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Table 5. AC-impedance parameters for the selected concentrations of the inhibitor HCN at 303
+1 K

Con. R Rp CPE Ca ¥x1072 Inhibition

(ppm)  (Q cm?) (Q cm?) Qx10° n (UF cm efficiency
(WF s™* cm™?) %) (%)

0.0 1.02+0.07 11.3£0.10 11.74 0.832+0.005 30.8 0.8 -

0.1 0.80+£0.03 31.6x+0.4 8.42 0.839+0.008 27.0 0.9 64.2

1.0 0.90+0.02 54.4+0.50 6.43 0.849+0.005 235 1.2 79.2

2.0 0.60+£0.01 120.2+0.70 5.23 0.858+0.003 22.6 1.1 90.6

3.6. Potentiodynamic polarization studies

The inhibition effect of HCN with 3 different concentrations on the polarization of MS in
1 M sulphuric acid has been studied and is shown in Figure 5. It was observed from Table 6
that corrosion current density (icorr) and corrosion rate were decreased substantially with the
presence of inhibitor and the anodic, as well as the cathodic reaction of metal dissolution, got
slowed. Regarding the Ecorr Value, it was seen in both Figure 5, the difference between the Ecorr
of acid solution without inhibitor and with inhibitor falls within 85 mV and approximately 51
mV was the maximum displacement in the direction of the anodic side. So, these assumptions
propose that the inhibitor HCN does behave like a mixed type with a pro-anodic propensity.
With the addition of an inhibitor, the Tafel slope values have been changed in the acid solution
which also suggests the mixed-type behavior of HCN [46,47].

o
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——1.0mM
—v—20mM

- St

—a=

0
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-0.60 -0.55 -0.50 -0.45 -0.40
Potential, Ve

Figure 5. Tafel plots

Furthermore, the values of bc/ba are slightly altered by the addition of the tested inhibitor,
and the change in the slope of the curve in the anode region is greater than that in the cathode
region, indicating that the investigated inhibitor has a greater effect on the anode reaction in
the H2SO4 environment. Generally speaking, there aren't many changes in the slope of the
polarization curves, which shows that corrosion inhibitors can simply cover the metal surface
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and lessen corrosion effects from the solution environment without modifying the corrosion
mechanism. The inhibition effect of HCN was also confirmed by the results obtained from
open circuit potential measurements, polarization, and impedance techniques. The comparable
inhibition efficiencies obtained from all the techniques studied in the present work proved the
efficiency of HCN towards the protection of MS in acid solution.

Table 6. Corrosion parameters obtained by the potentiodynamic polarization technique

Con. -(rrzsjjégg) ® B icorr Corrosion rate Inhibition
(mM) b b (mV/SCE) (nA cm?) (mmpy) efficiency (%)
0.0 76 115  530.1 9314 3.048 -

0.1 60 134 4945 339.5 1.111 63.6

1.0 89 147 4995 221.0 0.723 76.3

2.0 34 113 446.9 92.6 0.306 90.1

3.7. Surface studies

Surface studies like SEM-EDS were taken to examine the tendency of the inhibitor
molecules (HCN) to protect the metal in acid solution. Here, in this study Figure 6a shows the
SEM image of MS corroded in 1 M sulphuric acid solution where Figure 6b shows the SEM
image of MS protected from acid solution due to the presence of inhibitor molecules HCN (2
mM concentration) on the surface of it. Thus, SEM images confirmed the presence of HCN
molecules and their efficacy as a corrosion inhibitor. The cracks and pits were seen less in the
presence of inhibitor (Figure 6b) whereas they were seen more in Figure 6a.

@B LANK

20k X100 100um - ' 1630SEl

Figure 6. SEM for (a) Absence of inhibitor (b) Presence of inhibitor at 2 mM concentration

Figures 7a and 7b, respectively, display the EDS spectra of the MS in 1 M sulphuric acid
in the absence and presence of a 2 mM concentration of HCN. Table 7 shows that the surface
composition of Fe is increased and the additional peaks are also seen due to nitrogen and
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oxygen in Figure 7b compared to Figure 7a indicates the presence of HCN adsorbed on the MS
surface in acid solution. Both SEM and EDS studies proved that there is a mono-layer
formation of the inhibitor molecule on the MS surface which prevents corrosion and also
decreases surface roughness [48].

Table 7. Surface composition of mild steel after 3 hours of immersion in 1 M H2SO4 without
and with the optimum concentration (2 mM) of the selected inhibitor HCN

Inhibitor Element Atomic weight (%)

0 69.05

BLANK o 40.95
C 18.58
N 6.55

HCN 0 9.56
S 0.37
Fe 64.94

Spectrum 1

(a) BLANK

T T T 71T 1T T T T L Trrrrr1rr1rr[r1r1rrr1r1r17]
1] 5 10 15 20 1] 2 10 15 2
Full Scale 2510 ot=s Cursar; 0.000 ke Full Scale 2053 cts Cursor: -0153 (0 cts) ket

Figure 7. EDS analysis for (a) Absence of inhibitor and (b) Presence of inhibitor at 2 mM
concentration

3.8. Quantum chemical studies

Quantum chemical methods give supportive methods to get information on the molecular
property of the compounds. The data or parameters obtained from this method are used to
compare the experimental data which are gained from weight loss, impedance, and polarization
studies. In present days, inhibitors selection can be made possible by performing computational
studies [49]. The parameters like Enomo, ELumo and band gap energy (AE), total energy,
fractions of electrons transferred (AN), etc give valuable information about the molecule and
with that information, the inhibition efficiency can be calculated and their order can also be
calculated [50]. To get the data, molecular optimization is required using DFT with a suitable
basis set. As presented in Figure 8, the GaussView 5.0 packet program was used [51] to build



Anal. Bioanal. Electrochem., Vol. 14, No. 9, 2022, 818-836 831

up the input files and to plot the optimized structures of the frontier molecular orbitals (the
highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO)) of the HCN
neutral and protonated forms. The visual interlocking of the HOMO electron density
distribution of the HCN neutral form shows that this distribution is mainly located almost on
the majority of the studied structure except for the tolyl attached group. However, the LUMOs
density distribution for the two forms studied is spread onto all structure. As regards the HOMO
electron density distribution for the protonated form, it is quite obvious that this distribution is
localized only on the 2-Amino-pyran-3-carbonitrile. Therefore, it is the only part that can
donate electrons.
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Figure 8. Optimized geometry, HOMO, and LUMO of the inhibitor HCN

The results obtained from the experimental data are consistent with the quantum chemical
studies. It has been executed for both non-protonated and protonated forms of HCN and the
values were depicted in Table 8. The data show that the high value of Exomo (-5.91 eV) for
neutral form indicates that HCN is able to easily give electrons. However, the protonation of
the molecule studied provokes a remarkable diminution of electron-donating power. The
electron acceptor power experienced an increase when the molecule protonated
(ELumo=-1.32t0 -0.93 eV).

The smaller the value of AE, the lower will be the energy required to remove an electron
from a molecule and the greater will be the reactivity and inhibition efficiency [52]. The smaller
the AE is, the more reactive the HCN protonated (4.59 eV). Based on the hard and soft acid
and Base (HSAB) theorem[53], the two interacting species should have identical/similar n/c
values. Consequently, as the softness (o) increases and the hardness (n) value decreases, the
interaction becomes more important. Therefore, the softener inhibitor, the one with a higher o
value and larger n value has a greater tendency to interact with the metal surface and vice versa.
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According to our previous reports, it may be concluded that the molecular reactivity parameters
(n, electronegativity () and (o) of the investigated inhibitor molecule are within the acceptable
value, which means that the HCN protonated molecule may have a good anticorrosive property
and can inhibit the metal from corrosion.

The estimated value of AN110 represents the number of electrons moved from the inhibitor
to the empty sites on the iron surface [54]. It was already documented that the positive value
of AN110 indicates a donor effect towards the unoccupied sites of the metal surface. In our case
and as shown in Table 8, the neutral and protonated forms of HCN molecule have an electron
donor capacity, which reinforces its adsorption on the study surface.

Table 8. Quantum chemical parameters of the neutral and protonated HCN

Calculated parameters Non-protonated form Protonated form
Total energy (amu) -993.83 -994.4
Dipole moment (p, debye) 4.56 3.75
Enomo (eV) -5.91 -4.67
ELumo (eV) -1.32 -0.93
Energy gap (AE, eV) 4.59 3.74
lonization potential (1, eV) 5.91 4.67
Electron affinity (A, eV) 1.32 0.93
Hardness (1, eV) 2.30 1.87
Softness (o, eV?) 0.44 0.53
Electronegativity (y, eV) 3.62 2.80
Fraction of electrons transferred (AN) 0.74 1.12

The possible adsorption sites for both forms of inhibitor HCN were studied through Mulliken
atomic charges and they are shown in Figure 9. The atoms with more negative can easily donate
the electrons to the metal surface and adsorption will be strong through donor-acceptor type
interaction [55]. In addition, the atoms C15, C16 and O17 behave at the same time as electron
donor and electron acceptor sites. HCN, it is clear that the protonated form bears several
election acceptors sites, while the donor sites have undergone a noticeable decrease.

Non-protonated form
| |Protonated form

+0.4

+0.2

0.0

Mulliken charges

-0.4

-0.6 =

Figure 9. Mulliken atomic charges for the inhibitor HCN
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3.9. Mechanism of corrosion inhibition

The oxidation reaction and hydrogen evolution are two critical processes that contribute to
the corrosion process (reduction of hydrogen). Organic substances inhibit both of these two
processes, preventing corrosion on the metal. The studied inhibitor showed mixed behavior
according to the Tafel polarization method. So, the mechanism of the studied HCN inhibitor
cannot be considered chemisorption or physisorption. In the first interpretation, chemisorption
occurred owing to the presence of some electron-donating groups like -OH, -NH2, -CHs, n
electrons, and pyran ring present in the HCN molecule [56]. These groups can cover the
metallic surface regions of MS and provide electrons to the mild steel's vacant d orbitals.
According to a second interpretation, physisorption occurred as a result of the attraction
between inhibitors that protonated and charged the metal surface (MS surface has a positive
charge as a result), and the negatively charged sulfate ions that initially adsorbed on the metal
surface. Then, as a result of the electrostatic attraction between the positive metal and the
negative inhibitor, inhibitor molecules formed a protective layer [57,58]. The adsorption of
HCN was confirmed from SEM-EDS studies also. Quantum chemical calculations have also
guaranteed the above-proposed mechanism with some variations.

4. CONCLUSIONS

2-amino-4-(4-hydroxyphenyl)-6-(p-tolyl)-4H-pyran-3-carbonitrile (HCN) was used as
corrosion inhibitor for mild steel in H2SO4 solution. The inhibition efficiency of the HCN has
been investigated by potentiodynamic polarization, electrochemical impedance spectroscopy
and weight loss measurements. The adsorption behavior of HCN on MS in H2SOa4 solution was
examined using Langmuir adsorption isotherm and Gibb’s free energy. Scanning electron
microscopy, Fourier transform infrared spectroscopy, and energy dispersive spectroscopy were
used to characterize the MS and HCN. Maximum inhibition efficiency of 90.6% and 90.1%
were recorded for potentiodynamic polarization and electrochemical impedance spectroscopy
measurements respectively. Potentiodynamic polarization measurement revealed current
density values to decrease with increasing HCN concentration while Tafel plot confirmed the
inhibitor to be a mixed-type. Electrochemical impedance spectroscopy measurement revealed
increase in polarization resistance values with increasing inhibitor concentration which
affirmed the adsorption of inhibitor to be interface-type mechanism. The inhibition efficiency
was shown to increase with increase in HCN concentration. Corrosion rate decreased as HCN
concentration was increased temperature. A protective film forms on the mild steel surface to
shield it from corrosion, according to surface analysis (SEM and EDS). Quantum chemical
parameters provided the supportive data to correlate with the experimental data. All the results
studied in this present study proved that the inhibitor is efficient towards metal corrosion in an
acid medium even at a low concentration.
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