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ABSTRACT

In this work, economy novel hydrazine-derived coumarin 4-(6-methylcoumarin)acetohydrazide (MCA) were
synthesized, characterized, and tested as an inhibitor for the corrosion of a surface of mild steel in an acidic
environment through weight loss and Scanning electron microscopy (SEM) techniques. Results showed that the
synthesized inhibitor can inhibit the corrosion of mild steel surface in a 1 M hydrochloric acid environment. The
corrosion inhibition efficiency of MCA increases with increasing MCA concentration and decreases with increasing
temperature. SEM analysis showed the formation of a film as a protective layer from MCA molecules on the
surface of mild steel. Adsorption of the MCA molecules on the mild steel surface in the presence of hydrochloric
acid environment was obeyed Langmuir isotherm. The density functional theory (DFT) calculations were used to
study the relationship between molecular structure and inhibition efficiency and they found in good agreement.

Keywords: 6-methylcoumarin, acetohydrazide, Corrosion inhibitor, DFT, NMR, MCA.

1. Introduction

Generally, one of the significant alloys used in many
industrial processes is mild steel due to its superior
mechanical characteristics and cost-effectiveness. Mild steel
is quite sensitive to corrode in various acidic and basic
solutions [1-3]. Unfortunately, widely acidic solutions were
used in various industries such as pickling, cleaning, oil
well acidizing, steel acid descaling, petroleum processes,
rust removal, and ion exchangers as hydrochloric acid [4-6].
To control the corrosion of mild steel, various approaches
have accordingly been used. The most efficient technique
was used the corrosion natural inhibitors due to significant
characteristics, such as eco-friendly, low cost, superior
performance, and applicability in different approaches
[7,8]. Organic molecules can be adsorbed on mild steel
surface through nitrogen, sulfur, oxygen, and phosphorus
heteroatoms, in addition to pi-bonds and ion-pairs [9].
Coumarins act as corrosion inhibitors due to the presence
of aromatic systems and heteroatoms, which adsorb onto
the mild steel surface via ion-pairs of electrons on
heteroatom. This induces superior adsorption of the
inhibitor molecules and excellent inhibition efficiency in
addition to decreases the corrosion rate [10-13].
Physisorption and/or chemisorption are the techniques
that inhibitors adsorb onto a surface of mild steel and form
a film as a protective barrier from acidic solutions [14]. The
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formation of protective film was due to electrostatic forces
between the positive charges of the mild steel surface and
negative charges of inhibitor molecules, in addition to
charge transfer of nonbonding and/or pi-electrons of
inhibitor molecules to unoccupied d-orbitals of iron atoms
of the mild steel surface. Moreover, iron donates the
electrons to the inhibitor molecules (m*-orbitals of an
aromatic system) and form feedback bonds, through
chemisorption action [15]. Nature and chemical structure of
inhibitor in addition to mild steel surface charge were the
main parameters that influence the inhibition efficiency of
inhibitors due to the formation of adsorbed layers on the
surface of mild steel. Therefore, the impact of coumarins
having pi-system, heteroatoms, and polar group on the
corrosion impedance remains to be studied. We noted that
the presence of donating groups such as methyl group will
increase the inhibition efficiency of the inhibitors [16,17]
and hence the effect substituted coumarin with amino
atoms (heteroatom) and methyl group (donating group)
was investigated in this study. In this study, a new
coumarin compound as shown in Figure 1, namely “4-(6-
methylcoumarin)acetohydrazide (MCA)” acts as a superior
eco-friendly corrosion inhibitor of mild steel in 1 M HCl
solution, was designed, synthesized, and spectroscopically
characterized. The inhibition efficiency was tested by
weight loss measurements and surface assessment
technique (scanning electron microscopy). Results
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Figure 1. Chemical Structure of the Synthesized ecofriendly

demonstrate that MCA molecules have excellent inhibition
efficiency, at high and low concentrations, compared to
previous work of synthesis of new corrosion inhibitors [18-
40].

2. Experimental section

2.1 Chemistry

Chemicals were used as supplied without further
purification (Sigma-Aldrich, KL, Malaysia). The Fourier-
transform infrared spectroscopy (FT-IR) spectra were
recorded using a Thermo Scientific Model Nicolate 6700
Spectrophotometer. CHN analysis was done using Carlo
Erba 5500 CHN elemental analyzer. Nuclear magnetic
resonance (NMR) spectra were recorded on an AVANCE
II1 600 MHz spectrometer.

2.2 Synthesis of 4-(6-methylcoumarin)acetohydrazide
(MCA)

An ethanolic solution of 4-(6-methylcoumarin)-acetic
acid (50 gm) was allowed to reflux for 6 h., in presence of
concentrated sulfuric acid (few drops). The reaction
mixture was poured into ice-water to obtain the ethyl (6-
methylcoumarin)acetate. ~ After that an equimolar
quantities of ethyl (6-methylcoumarin)acetate (50 gm) and
hydrazine hydrate was reflux for 12 h., then poured into
ice, filtered, and recrystallized from ethanol. Solid yield
(52%);mp over 300 °C. Anal. Caled for CiHipN2Os: C,
62.06; H, 521; N, 12.06%. Found: C, 61.98; H, 517; N,
11.94%. TH NMR (DMSO-d6): & (ppm), 2.31 (s, 3H, -CHs ),
3.27 (s, 2H, -CH>), 6.03 (d, 1H, -CH=C-), 8.05 (s, 1H, NH), s,
7.23-7.51 (*H, Aromatic ring). *C{1H} NMR (DMSO-d6): &
(ppm), 19.8 -CH3, 117.4, 121.3, 126.8, 131.8, 134.9, 1487,
(benzene ring); 113.6, 154.8, 163.2 (pyron ring); 47.2 (CHy);
167.9 (C=0).

2.3 Electrode and Electrolytes

Mild steel samples having a chemical composition of
(wt %) 0.0.21% C, 0.35% Mn, 0.05% Si, 0.38% S, 0.01% Al,
0.09% P, and balance Fe were used for gravimetric studies
and surface analysis. The effective surface area of 4.5 cm2.
Initially, the coupons were polished using emery papers
and washed with acetone, double distilled water, dried at
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Figure 2. Inhibition Efficiencies measured by Weight Loss of

Mild Steel in 1.0MHCI in presence of different Concentra-
tions of MCA at Various Temperatures
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Figure 3. Corrosion rates measured by Weight Loss of Mild

Steel in 1.0MHCI in presence of different Concentrations of
MCA at Various Temperatures

room temperature, and immediately used for gravimetric
studies and surface analysis [41]. Hydrochloric acid
solutions of 1 M were prepared by using double distilled
water. The concentrations of MCA were 0.1, 0.2, 0.3, 04
and 0.5 mM.

24 Weight Loss Measurements

Gravimetric techniques were performed by weighing
the coupons before and after immersion in 500 mL of 1.0 M
hydrochloric acid solution having various concentrations
of MCA as an investigated inhibitor for 5 h at different
temperatures. The experimental methods were carried out
in atmospheric ambient. The thermostat was used to
control the solution temperature. The mean results were
calculated for each duplicate experiment and the inhibitive
efficiencies (%1Es), surface coverage (0), and corrosion rate
(Cr) were calculated using equations 1, 2, and 3 [42,43]
respectively.
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where Wo & Win =weight loss without & with MCA
respectively, A = area and T=time (h).

Gravimetric techniques were repeated at various
temperature (303, 313, 323, and 333 K) without and with the
addition of various MCA concentrations, to calculate the
impact of temperature on the inhibitive efficiencies of MCA.

2.5 Quantum Chemical Calculations

The molecular structure of the MCA molecules as
corrosion inhibitor the main reason that responsible for the
inhibition ability and impedance of the corrosion process
upon the mild steel surface. The excellent comprehensive
studies were achieved when compared and combined the
results of experimental work and theoretical calculations
through means of certain attributes on the inhibitive process
[44]. Those attributes are determined by DFT calculations
such as HOMO, LUMO, energy gap (AE), atomic charges,
dipole moment (), electron affinity (A), chemical hardness
(), electronegativity (), ionization potential (I), and
fraction of electrons transferred (AN) [45,46].

3. Results and discussion

Synthesis and Characterization of Inhibitor. hydrazine-
derived coumarin, 4-(6-methylcoumarin)acetohydrazide
(MCA) was synthesized from the reaction of
methylcoumarin)acetic acid with hydrazine in ethanol
under refluxing for 12 h. The yield of the reactions and
melting points of the MCA were determined, and the
structure of MCA was characterized by elemental analysis,
and NMR, spectroscopy. The CHN analysis with H and
1BC NMR spectra confirmed the structure. The TH NMR
data for the MCA in DMSO-d6 demonstrate the doublet
signal at 8 6.03 ppm is attributed to the proton of the vinyl
group of the pyridine ring. The signal of the CH3 protons
of the methyl group is observed at & 2.31 ppm, and the
absence of ethyl protons indicates the formation of an
MCA. The expected resonance was observed in the 13C
NMR spectrum of MCA. The signal for the carbonyl carbon
appears at 8 167.9 ppm.

3.1. Corrosion Inhibition Tests: Effect of MCA

Concentration.

The data from gravimetric analysis of the mild steel
coupons in an acidic environment in the presence and
absence of different MCA concentrations at various
temperatures are displayed in Figures 2 and 3. The data
from gravimetric analysis of the mild steel coupons in an
acidic environment in the presence and absence of different

47

—=— Blank

—o— (0.0l mM
| — A 0.02 mM
o v 0.03mM
- —_— 0.04 mM
- E . 005mM
-:W:”Vi - . | WWV"I
& 0.0 : : | .
| |
0.2 |
0.4
0.6
T I I
3.0x10° 3.1x10° 30" o

/T

Figure 4. Arrhenius plot for corrosion of mild steel in
presence of different concentrations of inhibitor.

MCA concentrations at various temperatures are displayed
in Figures 2 and 3.

From Figure 2, the inhibition efficiency for MCA as-
synthesized inhibitor increase with increasing the
concentration of inhibitor. The conducted experiments at
higher concentrations of inhibitor (> 0.5 mM) imply that
there was no significant increase in the inhibition efficiency
and hence we found that the inhibitor at the concentration
of 0.5 mm was found to be the optimal inhibition
concentration.

3.2. Corrosion Inhibition Tests: Effect of Temperature
and Activation Process.

To study the impact of temperature on the corrosion
process of the coupon (mild steel) in acidic solution, the
weight loss measurements were done at 303, 313, 323, and
333 K with and without the addition of various
concentrations of MCA as corrosion inhibitor during 5 h
immersion time. The impact of temperature on inhibition
efficiency is shown in Figure 3. The inhibition efficiency
decreases with elevated temperature due to desorption of
MCA molecules from the surface of mild steel with
increased temperature 303 to 333 K. Arrhenius equation
represent the relation of the factors corrosion rate (Cg),
temperature (T), activation energy (Ea) and gas constant
(R) [47,48] as a display by the equation 4.

—Ea
CR=A4 exp(ﬁ)

A plot of the log of Cr vs 1/T which calculated by
gravimetric analysis gave a straight line as demonstrated in
Figure 4 for tested coupons in a hydrochloric acid
environment in presence of various concentrations of
MCA.

The slope (-Ea/2.303R) was determined activation
energy Ea value and it was listed in Table 1.
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Table 1. Activation Parameters of tested coupons in
corrosive solution in the absence and presence of different
concentrations of MCA at various Temperatures.

Conc. Ea AHZop, -ASCorr
(mM) (k]/mol)  (kJ/mol) (J/MolK)
0.0 16.74 13.95 188.84
0.1 23.96 18.74 17240
0.2 24.91 20.99 169.23
0.3 25.44 24.27 163.39
0.4 28.30 28.61 159.35
0.5 32.83 31.23 146.34

The activation energy values of the tested coupons in
corrosive solutions in presence of MCA are more than the
activation energy value in absence of the MCA. Table 1
demonstrates the elevate of activation energy with an
increase of MCA concentration, so the corrosion rate
decrease [49]. The enthalpy (AHcorr *) and entropy (AScorr
*) can be calculated from equation 5.

RT AScorr AH oy
CR:mexp( R ) ( RT )

where h and NA are is Planck’s constant the Avogadro
number.

Figure 5 demonstrates plot of log(CR/T) versus 1/T
obtained for tested coupons in a corrosive environment in
the absence and presence of various concentrations of
MCA gave straight line, The slope and intercept were -
AHcorr * /2303R and [log(R/NAh) +AScorr * /2.303R]
respectively [50]. AHcorr * and AScorr * were determined
from Figure 5 and were demonstrated in Table 1.

The ASen" value was increase with an elevated
concentration of MCA which proposes random reaction.
The AHcorr* with positive value with and without MCA
indicates the endothermic nature of the coupon of mild
steel dissolution process proposing a slow dissolution rate
of mild steel coupon with the addition of MCA. Moreover,
the activation energy and enthalpy values were increased
with the addition of MCA suggest that the energy barrier
increases [51].

3.3. Scanning Electron Microscopy.

SEM images of the coupon surface without corrosion
inhibitor and with the addition of corrosion inhibitor at the
concentration of 0.5 mM for 5 h, immersion time in the
acidic environment are demonstrated in Figure 6. The
untreated coupon surface shows corroded and highly
damaged as in Figure 6 a, on the other hand, the treated
coupon surface has clear and smooth as in Figure 6 b.

3.4. Quantum Chemical Calculations.

In general, the energy of the highest occupied
molecular orbital (HOMO) is associated with the electron-
releasing ability of the molecule. The higher value of the
lowest unoccupied molecular orbital (HOMO) denotes the
nature of more electron-donating ability. ELUMO with low
value indicates the accepting ability of the molecule [52]. A
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Figure 5. Arrhenius plot for corrosion of mild steel in
corrosive solution in presence of different concentrations of
inhibitor.

superior corrosion inhibitor has a higher value of EHOMO
to contribute the electrons toward the vacant d-orbital of
and also the value of ELUMO should below to accept the
electrons transferred from the mild steel coupon. The MCA
molecules have superior inhibition performance based on
the low value of AE of 6.191 eV as in Table 2. The
optimized geometrical structure and highest occupied
molecular orbital with lowest unoccupied molecular
orbital are demonstrated in Figure 7. highest occupied
molecular orbital is located over carbonyl and amino
residue while the lowest unoccupied molecular orbital is
located over the pyrone and benzene rings, promote
electron contribution toward mild steel surface and receive
the pairs of electrons from donor atoms and may delocalize
the electrons of the mild steel surface. The electrons pairs
of nitrogen and oxygen in the MCA molecules can form
coordination bonds with an occupied d-orbital of mild
steel [53]. A Mulliken charges are demonstrated in Table 3
and analysis fortifies the best inhibition characteristic of
MCA. The dipole moment is a significant characteristic,
that determined the inhibition nature of the inhibitor
molecules upon the mild steel surface [54]. The present
investigations indicate that the MCA molecules have a
dipole moment value of 2.6122 D, which confirms the
excellent performance of MCA as a corrosion inhibitor.
Chemical hardness and softness are significant factors to
measure the stability and reactivity of a molecule. The
hardness generally indicates the resistance towards the
deformation or polarization of the electron cloud of
molecules under small perturbation of chemical reaction.
Hard molecules have energy gaps with high values and a
soft molecule has energy gaps with low values [55].
Inhibitor with low hardness value is expected to have
superior inhibition efficiency that is comfortable with our
study. High electronegativity and low variation of electro
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Figure 6. SEM pictures tested coupon surface 5 h of immersion time in corrosive solution: (a) in absence of inhibitor; (b) with

0.5 mM MCA.

Table 2. Quantum characteristics for the most stable
conformation of MCA.

Function Values

Enomo -10.724
ELumo -4.533
Enomo - ELumo 6.191
Dipole Moment (i) 2.6122

I= -EHOMO (eV) -10.724
A=-ELUMO (eV) -4.533

n = —0.5(Epomo — Erumo) 3.0955
o=1/n 0.3230
X =—=0.5(Enomo + Erymo) 7.6285
@ = Xinn 2424

AN = —— 210
Z(r]Fe + ninh)

negativity expected low reaction are which in turn
indicates low inhibitory efficiency. The AN has an intimate
relationship with the adsorption phenomenon. Here, xFe
and yinh denote absolute electronegativity of iron and the
inhibitor, respectively. The nFe and ninh represent the
absolute hardness of iron and the inhibitor molecule,
respectively. The calculated fraction of electrons
transferred, N for MCA, demonstrate inhibition impact
resulting from electrons donation that approbates with
Lukovits et al. 'S study. If N <3.6, the obligation efficiency
increased with the increasing electron-donating ability at
the metal surface. The n value of MCA is 3.0955. A similar
trend is recognized as well, chemical characteristics
(electronic chemical potential and electron affinity (A))

Table 3. Mulliken Atomic Charges of All Atoms in MCA.

closely inter-related [11]. The calculated quantum chemical
parameters imply the way to select MCA as a superior
corrosion inhibitor against a corrosive environment.

3.5. Mechanism of Inhibition.

The adsorption phenomenon is the main factor that
explains the mechanism of inhibition action. Generally, the
adsorption is influenced by the surface charge of the mild
steel, interaction type between MCA as an inhibitor, and
mild steel surface in addition to the molecular structure of
MCA. The MCA molecule has donor atoms
(electronegative) nitrogen and oxygen in addition to pi-
electrons of the benzene and pyrone rings. This donor sits
cause efficient adsorption of inhibitor molecules onto the
surface of tested coupons. In the mineral and halogenic
acid environment, N atom becomes protonated because of
hydration, chloride ions with a smaller degree adsorb at
the electrode/environment interface, produce a more
negative charge in the vicinity of the electrode/
environment interface, and prefer excess adsorption of the
positive charge protonated MCA molecules (tested
corrosion inhibitor) [56]. Protonated MCA molecules can
adsorb onto the surface tested coupons via interaction of
positive charge of MCA molecules and the negative charge
of the mild steel surface, and imply physical adsorption.
Chemical adsorption may occur via donating of electrons
from the MCA molecules containing nitrogen and oxygen
atoms that have unshared pairs of electrons with pi-
electrons of pyrone and benzene rings and the unoccupied
d-orbital of mild steel coupon surface [57]. In general, the
transition elements with unoccupied d-orbitals such as Fe,

At. Cha. At. Cha. At. Cha. At. Cha.
1 0.28 8 0.02 15 -0.18 22 0.14
2 -0.14 9 -0.12 16 -0.28 23 0.18
3 -0.36 10 -0.08 17 -0.17 24 0.13
4 -0.34 11 -0.09 18 0.11 25 0.14
5 -0.17 12 -0.08 19 0.13 26 0.16
6 0.33 13 -0.14 20 0.25 27 0.08
7 -0.21 14 0.10 21 0.14 28 0.08
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a b
Figure 7. (a) Optimized geometry, (b) HOMO and (c) LUMO of MCA inhibitor.
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Figure 8. Adsorption of MCA molecules on the coupon sur-
face of mild steel in corrosive solution

have complexation tendencies toward molecules
containing atoms with unshared pairs of electrons and
forming coordination bonds and hence the formation of
protective barrier. The formation of a protective barrier on
the surface of mild steel tested coupons through physical
and/or chemical adsorption causes a decrease in the
corrosion rate. Increase the concentration of MCA as a
corrosion inhibitor, will increase the inhibition efficiency
due to the coverage area of the tested coupon surface.
Figure 8, demonstrate various adsorption types of surface
of tested coupon/corrosive environment.

TRIBOLOGIA - Finnish Journal of Tribology 3-4 vol 37/2020

4. Conclusion

In this investigation, costly-effect novel hydrazine-
derived coumarin 4-(6-methylcoumarin)acetohydrazide
(MCA) as a corrosion inhibitor was synthesized and
characterized vis spectroscopical techniques. MCA
effectively acts as a corrosion inhibitor for mild steel
coupons in a corrosive environment at low and high
concentrations. The inhibition efficiency increase with
increasing concentration of MCA. The interactions between
MCA molecules as a corrosion inhibitor and tested coupon
surface have been studied gravimetrical techniques.
Adsorption of MCA molecules on the surface of tested mild
steel coupons obeyed the Langmuir isotherm. SEM
micrographs revealed a clear and smooth coupon surface in
a corrosive environment compared to a solution without the
addition of MCA, which suggests that a barrier layer was
formed on the coupon surface. The quantum chemical
calculations confirm the formation of a barrier layer via the
reaction of unpaired electron pairs of nitrogen, oxygen, and
pi-system with a surface of mild steel coupon and create a
coordination complex. The superior inhibition performance
of MCA can be explained according to the HOMO, LUMO,
energy gap (AE), atomic charges, dipole moment (j),
electron  affinity = (A), chemical hardness (1)),
electronegativity, ionization potential (I), and a fraction of
electrons transferred (AN). The quantum chemical
calculations are in good agreement with the methodological
results.
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