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Due to continuous promotion of green alternatives to toxic petrochemicals by government policies,

research efforts towards the development of green corrosion inhibitors have intensified recently. The objec-

tive of the current work was to develop novel green and sustainable corrosion inhibitors derived from 4-

aminoantipyrine to effectively prevent corrosion of mild steel in corrosive environments. Gravimetric

methods were used to investigate corrosion inhibition of 4-((furan-2-ylmethylene)amino)antipyrine (FAP)

and 4-((pyridin-2-ylmethylene)amino)antipyrine (PAP) for mild steel in 1 M HCl. FAP and PAP were sub-

jected to quantum chemical calculations using density functional theory (DFT). DFT was used to deter-

mine the mechanism of mild steel corrosion inhibition using inhibitors tested in HCl. Results demonstrated

that these tested inhibitors could effectively inhibit mild steel corrosion in 1.0 M HCl. At 0.0005 M, these

inhibitors’ efficiencies for FAP and PAP were 93.3% and 96.5%, respectively. The Langmuir adsorption

isotherm was obeyed by these inhibitors on the mild steel surface. Values of adsorption free energies,

, revealed that FAP followed chemical and physical adsorptions.
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1. Introduction

Acid solutions, particularly hydrochloric acid, are well

recognized to cause corrosion of alloys and metals if used for

the removal of unwanted scale and rust in metal processing

industries, oil-well acidizing in oil recovery, boiler cleaning,

and other applications [1]. The use of HCl to increase the initial

productivity of new wells or to recover the production of older

wells leads to severe damage of the apparatus [2]. In these

settings, industrial acid cleaners and acid purification treatments

are exceedingly aggressive and can cause significant metal

corrosion. Inhibitors are one of the numerous approaches to

reduce metal corrosion, and they may be the safest and cheapest

alternative [3–5]. Corrosion prevention of metallic structures

has sparked a lot of interest because of the huge financial and

safety losses that corrosion has caused in numerous industries.

Mild steel is an important construction material in a variety of

industries since it is widely utilized and has a wide range of

applications due to its low cost and excellent physical and

mechanical characteristics [6]. Despite its widespread use, mild

steel used in industry is susceptible to corrosion, particularly in

acidic environments. As a result of its low corrosion protection,

mild steel requires the development of specific corrosion

protection technologies [7]. Corrosion is a prevalent issue with

industrial metals, and it has a direct effect on their cost and

safety. There are various techniques to prevent metal corrosion

today, including optimizing metal components and smelting

processes, organic/inorganic coating technologies, and the

inclusion of corrosion inhibitors, the last of which is the most cost-

effective and widely utilized [8–17]. At the right concentration,

the inhibitors work by acting at the interface between the

exposed metal surface and hostile media. In mineral acid

solutions, compounds rich in heteroatoms such as nitrogen,
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oxygen, sulphur, and phosphorous, as well as multiple bonds

found in aromatic rings or carbon chains, have been widely

used as corrosion inhibitors [18–21]. The presence of a lone

pair in heteroatoms and the planarity of molecules are also

important aspects to consider when explaining the adsorption

of inhibitor molecules onto metallic surfaces [22,23]. These

inhibitors prevent degradation in two ways: I by forming a

protective layer or an insoluble complex, and (ii) by their great

propensity to adsorb on metallic surfaces. Aromaticity, electron

density, functional groups and steric variables, as well as the

type of the alloy and the corrosive environment, all have a part

in corrosion inhibition action [24]. Corrosion molecules having

heteroatoms such as phosphorus, sulphur, oxygen, and nitrogen

atoms absorb rapidly on steel substrates, forming a layer of

organic molecules -Fe complexes [25–31]. Purpose of providing

efficient corrosion protection, the adsorbed layer works as a

physical barrier between the metal substrate and the acidic

solution [25–28]. These phenomena were used to prevent

internal steel pipeline corrosion and unexpected dissolving of

steel structures during the acidifying process; as a result, a

corrosion inhibitor can increase the corrosion life of steel [30].

Two Schiff bases, 4-((furan-2-ylmethylene)amino)antipyrine and

4-((pyridin-2-ylmethylene)amino)antipyrine, were synthesized and

tested as mild steel corrosion inhibitors in a 1 M HCl solution in

this study. Temperature (303, 313, 323, and 333 K) influenced the

corrosion inhibition efficacy of the synthesized Schiff bases.

In the study, gravimetric strategies were applied. In addition,

quantum chemical computations and molecular simulations were

used to determine the active centers that could be present. The

molecular structures of the tested inhibitors are depicted in Fig. 1.

2. Materials and Methods

2.1 Corrosive Solution and Corrosion Inhibitors

Hydrochloric acid 37% (Merck-Malaysia) was diluted to 1

M with distilled water in the examined acidic environment. The

concentration of examined inhibitors are currently in the kept

ranging of 0.0001 to 0.0006 M.

2.2 Mild Steel

Elemental analysis of the mild steel alloy working electrode

is displayed in Table 4 (weight %). The mild steel dimensions

were 4.0 × 2.5 × 0.5 cm3.

2.3 Synthesis of Corrosion Inhibitor

FAP and PAP were prepared according to literature procedure.

See [31]. 

The chemical reaction of PAP synthesized is shown in Fig. 14. 

2.4 Gravimetric Techniques

In these investigations, the usual exposure experimentation

protocol outlined in TM0169/NACE/G31 [32] was followed.

The gravimetric studies were carried out in a static environment.

The examined media were kept at the desired temperature

(303 K) in a water bath (programmable stirring hot plate). The

mild steel coupons were suspended in the test solutions in

triplicate for 1, 5, 10, 24, and 48 h. The concentrations of the

examined inhibitors were 0.0001, 0.0002, 0.0003, 0.0004,

0.0005, and 0.0006 M. For all the experiments, the tested

Fig. 1. Tested corrosion inhibitors

Table 4. Composition (wt %) of mild steel chemical samples

C Mn Si Al S P Fe

0.21% 0.05% 0.38% 0.01% 0.05% 0.09% Balance%

Fig. 14. The reaction synthesis of the tested inhibitors
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corrosion inhibitor was dissolved firstly in ethyl alcohol (2 ml) and

then added to acidic solution [33,34]. After the exposure times, the

coupons were removed and treated to the ASTM standard G1-03

[35] post-treatment protocols. After 5 h of immersion, the effect of

temperature (303, 313, 323, and 333 K), for various inhibitors

concentrations was also studied. The tests were performed in

triplicate and the average values were calculated.

Rate of corrosion (C
R
) was determined based on weight loss

as per the relation (21) [36]:

(21)

Where W represnts the average weight loss in gram, ρ refers

to the specimen density in g·cm-3, a is the specimen surface area

in cm2 and t is the exposure period in hours.

The inhibition efficiency was determined according to

Equation (22): 

(22)

Where W
o
 and W

i
 are the tested coupons weight losses in 1 M

HCl environment in the absence and presence of tested

inhibitors, respectively.

2.5 Quantum Calculation Method

Theoretical calculations were necessary to simulate the

experimental data. Quantum chemical calculations were

performed using density functional theory (DFT) to study the

electronic structures of synthesized inhibitors to evaluate their

theoretical properties. The current computations were conducted

using Gaussian 09 program package. Geometry optimizations

were conducted by DFT using Becke’s three parameter

exchange functional, and includes a corrected correlation

functional of Lee, Yang, and Parr (LYP) with basis set 6-31G

for FAP and PAP molecules [37]. In order to calculate the Fukui

functions, the electron populations were calculated and

performed at the optimized geometries of the neutral forms. All

the calculations were calculated using of the ChemOffice

program. The quantum chemical parameters, such as highest

occupied molecular orbital (HOMO), lowest unoccupied

molecular orbital (LUMO), energy gap (ΔE), ionization energy

(I), absolute electronegativity (χ), softness (σ), hardness (η), dipole

moment (μ), and fraction of electron transfer (ΔN), for the

synthesized inhibitors (FAP and PAP) in the gas and aqueous

phases were obtained using DFT techniques. The geometrical

parameters can be calculated according to Equations (23-27) [38]:

(23)

(24)

(25)

(26)

(27)

where χ
Fe

 is the iron electronegativity, χ
inh

 is the inhibitor

electronegativity, η
Fe

 is the iron hardness, and η
inh

 is the inhibitor

hardness. The φ value obtained from DFT calculations are

4.82 eV for Fe surface, and the computational value of hardness

for iron was zero.

3. Results and discussion

3.1 Gravimetric Studies

Figs. 2 and 3 illustrate the change in the rate of corrosion and

protection efficiency with varying concentrations of FRP and

PRP in a 1 M HCl environment at 303 K. These statistics show

that the rate of corrosion was highest in the uninhibited acidic

media, but greatly diminished when the inhibitor was added.

The mild steel coupons corroded at a corrosion rate of 5.37 mm/

year without addition of an inhibitor, but this was reduced to

0.462 and 0.403 mm/year after 5 hours of immersion with

0.0005 M FRP and 0.0005 M PRP, respectively. Protection

efficiencies of 93.3% and 96.5% were obtained with 0.0005 M

FRP and 0.0005 M PRP, respectively.

This finding could be attributed to adsorption inhibitor

molecules blocking corroded surface area, causing the rate of

corrosion to be slowed [39]. The effect of FRP and PRP, appears to

be a function of concentration. With an increasing concentration of

FRP and PRP, the rate of corrosion falls, while the inhibition

efficiency increases. This could be due to more surface covering [40].

3.2 Effect of 4-aminoantipyrine Derivative Structure on

Protection Performance

The number of adsorption sites, their charge density,

molecular size, and method of contact with the mild surface are

all determined by the functional groups and structure of the

inhibitor molecules. FRP and PRP are both 4-aminoantipyrine

derivatives. They differ solely in their heterocyclic ring molecular

structures, which are furan (five-member ring with an oxygen

atom) for FRP and pyridine for PRP (six-member ring with a

nitrogen atom). PRP’s inhibitory ability is always stronger than

FRP's in the experimental portion, at the same dosage and

temperature. According to gravimetric measurements, PRP’s at

highest concentration has the maximum protection. Clearly, the

nature of the heterocyclic ring influences its inhibitory effects.

The electron density at the hetero atom (oxygen or nitrogen) is

affected by the inhibitor molecule, which has an impact on

CR
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adsorption on the mild steel surface. 

Heterocyclic aromatic rings are a crucial structural element

in FRP and PRP molecules, because they increase electrostatic

contact between inhibitors and mild steel surfaces. PRP is

capable of building a strong bond with the mild steel surface

in this regard. Furthermore, because of the pyridine ring, PRP

is thought to provide better coverage. As a result, it outperforms

FRP in terms of inhibition efficacy, 96.5%, c.f. 93.3% for FRP

at 303 K.

3.3 Exposure Time Effect

Gravimetric tests were carried out for a prolonged period of

1 to 48 hours in the presence of optimum concentrations of FRP

and PRP at 300 K to obtain more information about the

inhibitors’ stability and, as a result, their long-term effect on

corrosion inhibition. The results are presented in Figs. 2 and 3.

For both synthesized corrosion inhibitors FRP and PRP, the

variation of corrosion rates and protection performance with

exposure time followed the same pattern. For periods ranging

from 1 to 10 hours, the corrosion rate of FRP decreased from

0.614 to 0.415 mm/y and the protection performance increased

from 75.6 to 93.7%, while the rate of corrosion of PRP reduced

from 0.611 to 0.415 mm/y and the rate increased from 90.8 to

96.8%. 

With increasing exposure duration, the absorptive coating

on the mild steel surface becomes stronger. Due to the delayed

desorption of inhibitor molecules, a modest drop in inhibitor

efficiency was seen after a 24-hour period. The stability of

FRP and PRP in 1M HCl was proven over a longer exposure

period.

Fig. 2. Gravimetric curves of mild steel in 1 M HCl with different concentrations of FRP for various immersion times at 303 K

Fig. 3. Gravimetric curves of mild steel in 1 M HCl with different concentrations of PRP for various immersion times at 303 K
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3.4 Effect of Temperature 

The mild steel corrosion parameters in 1M HCl in the absence

and presence of various concentrations of FRP or PRP have

been determined utilizing gravimetric measurements. Gravimetric

investigations were conducted at temperatures of 303, 313, 323,

and 333 K to observe the influence of temperature, and the

findings are shown in Figs. 4 and 5. In 1 M HCl solution, the

results demonstrate that the inhibitor FRP or PRP acts as a

strong corrosion inhibitor for mild steel, with protection efficacy

being concentration and temperature dependent. Increases in

FRP or PRP concentration produce an increase in inhibition

efficiency, which peaks at 93.7 % at 0.0005 M at 303 K. Further

increases in FRP concentration resulted in a less noticeable

increase in protection efficacy (95.2 %), due to desorption of

part of the FRP molecules.

Over the concentration range examined, the inhibition

efficacy of FRP or PRP is higher than that of some organic

inhibitors described in the literature [41-51], see Table 1. In

comparison to previously researched organic compound-based

corrosion inhibitors, the current inhibitors FRP and PRP exhibit

significantly greater inhibition efficacy at very low

concentrations.

Increased temperature caused a reduction in inhibitory

efficacy at all concentrations investigated, implying physical

adsorption. At elevated temperatures, the existing weak Vander

Waal's forces tend to reduce in this form of adsorption [52].

Figs. 4 and 5 show the corrosion inhibition behavior of FRP or

PRP at temperatures ranging from 303 to 333 K in the presence

of various inhibitor concentrations and a 5-hour immersion time.

At the temperatures examined (323 and 333 K), the presence

Table 1. Compares reported corrosion inhibitors to the one under investigation

Corrosion inhibitor. Metal Acid IE% Ref.

4-((furan-2-ylmethylene)amino)antipyrine (FAP) Mild steel HCl 93.3 -

4-((pyridin-2-ylmethylene)amino)antipyrine (PAP) Mild steel HCl 96.5 -

3-(4-ethyl-5-mercapto-1, 2, 4-triazol-3-yl)-1-phenylpropanone (EMTP) Mild steel HCl 97 41

2-(4-phenyl-1H-1,2,3-triazol-1-yl) acetohydrazide Mild steel HCl 95.3 42

2-Amino-4-phenyl-N-benzylidene-5-(1,2,4-triazol-1-yl)thiazole Mild steel HCl 95 42

7-((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6–dione Mild steel HCl 91.7 43

7-((1-(4-fluorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione Mild steel HCl 86.9 43

7-((1-(4-chlorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione Mild steel HCl 94 43

7-((1-(4-bromobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione Mild steel HCl 91.8 43

7-((1-(4-iodobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione Mild steel HCl 90.9 43

5-methyl-4-((3-nitrobenzylidene) amino) -2,4-dihydro- 3H-1,2,4-triazole-3-thione Mild steel HCl 89.7 44

3-phenyl-4-amino-5-mercapto-1,2,4-triazole Mild steel HCl 97 45

2[5-(2-Pyridyl)-1,2,4-triazol-3-yl phenol Mild steel HCl 96.8 46

3,5-Bis(4-methyltiophenyl)-4H-1,2,4-triazole Mild steel HCl 93.5 46

3,5-Bis(4-pyridyl)-4H-1,2,4-triazole Mild steel HCl 89.1 46

3,5-Diphenyl-4H-1,2,4-triazole Mild steel HCl 82.8 47

3,5-Di(m-tolyl)-4-amino-1,2,4-triazole Mild steel HCl 95.8 48

5-Amino-1,2,4-triazole Mild steel HCl 24 48

5-Amino-3-mercapto-1,2,4-triazole Mild steel HCl 82 48

5-Amino-3-methyl thio-1,2,4-triazole Mild steel HCl 82 48

1-Amino-3-methyl thio-1,2,4-triazole Mild steel HCl 63 49

3-Benzylidene amino-1,2,4-triazole phosphonate Mild steel HCl 56.9 49

3-p-Nitro-benzylidene amino-1,2,4-triazole phosphonate Mild steel HCl 69.2 49

3-Salicylialidene amino-1,2,4-triazole phosphonate Mild steel HCl 43.2 49

3,5-Bis(methylene octadecyldimethylammonium chloride)-1,2,4-triazole Mild steel HCl 98.3 50

3-Amino-1,2,4-triazole-5-thiol Mild steel HCl 97.8 51
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of varied inhibitor concentrations of FRP or PRP reduced the

inhibition efficacy marginally. For FRP, the highest protection

efficacy was 93.3% at 0.0005 M at 303 K, but it reduced to

84.1% at 333 K. For PRP, the maximum inhibition efficiency

was 96.5% at 0.0005 M at 303 K, but it reduced to 87.2% at

333 K for a 5 h immersion duration. Fig.s 4 and 5 show a modest

decrease in inhibitory efficacy with increasing temperature,

which points to a physical adsorption process [53].

Finally, the influence of temperature on corrosion rate and

inhibition efficiency was investigated in 1 M HCl at

temperatures ranging from 303 to 333 K in the presence and

absence of various inhibitor doses (5h immersion time). The

inhibition efficiency of both tested inhibitors was observed to

decrease somewhat as the temperature was raised from 303 to

333 K. Desorption of adsorbed inhibitor molecules on the gentle

surface could explain this. This demonstrates that inhibition

occurs due to inhibitor adsorption on the metal surface, with

desorption facilitated by increasing temperature. Fig.s 4 and 5

indicate that the inhibitory efficiency of FRP and PRP drop

marginally as the temperature rises. This can be explained by

chemical adsorption of FRP and PRP on the mild steel surface.

3.5 Adsorption Isotherms

Adsorption isotherms can provide essential data on the

interaction between inhibitor molecules and mild steel surfaces.

Two types of adsorption isotherm are advocated for this method.

Fig. 4. Relationship between corrosion rate / inhibition efficiency and concentration of FRP at various temperatures for 5h
immersion time

Fig. 5. Relationship between corrosion rate / inhibition efficiency andconcentration of PRP at various temperatures for 5h
immersion time
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In the current work, we applied the adsorption mechanism of

synthesized tested inhibitors FRP and PRP using Temkin and

Langmuir adsorption isotherms [54].

The adsorption isotherm could be used to visualize and study

the inhibitor-metal surface interactions. The adsorption

mechanism of inhibitors can indeed be described using both forms

of interaction: physical adsorption and chemical adsorption [55].

These processes are influenced by the inhibitor molecules'

chemical structures, experimental temperature, redox potential,

charges, and metallic characteristics. Adsorption of organic

inhibitor molecules from aqueous solutions is thought to be a

quasi-substitution process between organic compounds in the

aqueous phase [Org(sol)] and water molecules connected to the

metal substrate [H2O(ads)], as shown by the equilibrium (Equation

(1)) [56]: 

(1)

where x is the number of water molecules that  have been

substituted by a single chemical molecule. In this scenario, the

adsorption of FAP and PAP is followed by the release of water

molecules from the steel surface.

Several isotherm models including Langmuir, and Temkin,

adsorption isotherm models [51] are used to create an acceptable

adsorption behavior for FAP and PAP adsorption on metallic

surfaces. The graphs of percentage surface coverage (C
inh

/θ )

versus inhibitor concentrations (C
inh

) at various temperatures

were used to assess the better adsorption isotherms (Langmuir

or Temkin kind) of FAP and PAP. As seen in Figs. 6 and 7,

straight lines with almost unit slopes have been obtained,

indicating that the adsorption of the studied inhibitors on the

steel surface obeyed the Langmuir model.

The Langmuir model is shown in Equation (2) [57]:

(2)

where, K refers to the adsorption equilibrium, and θ represents

the surface coverage value and can be calculated according to

Equation (3):

(3)

The correlation coefficient (R2) is used to determine if the

adsorption isotherm model matches the experimental data [58].

Figs. 6 and 7 show the application of Langmuir adsorption for

assessment. The correlation coefficients for the straight lines

between C and C/θ are close to 1, and the slope values in the

Langmuir equation are nearly equal to 1. The Langmuir

adsorption isotherm governs the adsorption of FRP and PRP

on the mild steel surface, and each FRP or PRP molecule only

contributes for one adsorption position.

Moreover, we also suggested to use Temkin adsorption

isotherm in addition to Langmuir adsorption isotherm in order

to study the adsorption mechanisms of 4-aminoantipyrine

derivatives.

Temkin equation is presented in Equation (4)

(4)

where, a refers to the interaction in the adsorption.

Based on Figs. 8 and 9, the plots between lnC against θ are

significantly vary from unit. They confirm that adsorption of

FRP or PRP on the surface of mild steel do not obey the Temkin

adsorption isotherm.

According to (K) values, the adsorption free energies of (ΔGo)

for FRP and PRP molecules were determined by Equation (5):

(5)

where R represents the universal gas constant (R = 8.314 J

Org sol( ) xH
2
O ads( )+ Org ads( ) xH

2
O

sol( )
+→

C

θ
----

1

K
---- C+=

θ
IE

100
---------=

lnK.C a.θ=

G
o

Δ RTln 55.5 K( )–=

Fig. 6. Langmuir’s adsorption isotherms of FRP in 1.0 M
HCl

Fig. 7. Langmuir’s adsorption isotherms of PRP in 1.0 M
HCl
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mol-1K-1), and T refers to the solution temperature (K).

Furthermore, the value of ΔGo offers a lot of information.

ΔGo is greater than -20 k.J mol-1, indicating that the charged

inhibitors and charged steel interact electrostatically (physical

adsorption). While the adsorption entails the transfer of a

charged pair of organic inhibitors onto the steel surface, resulting

in the formation of a type of coordinated bonds (chemical

adsorption) while it is more negative than -40 k·J mol-1 [59].

There is no distinction between physical and chemical adsorption,

with the former being the first stage of chemical adsorption.

When examining the value of ΔGo, the adsorption of FPR

(ΔGo= -37.63 k·J mol) and PRP (ΔGo= -34.88 k·J mol) on mild

steel surfaces is a mixture of both physisorption and

chemisorption. The ΔGo value becomes increasingly negative

as the temperature rises, suggesting that the investigated

inhibitors are more tightly bound to the steel surface.

2.6. An investigation of the mild steel surface

SEM technique was used to examine the surface characteristics

of mild steel specimens in the absence and presence of tested

inhibitors. Fig. 10(a, b, and c) depicts the modifications that

observed in the mild steel specimens. Mild steel surface in 1 M

HCl is shown in Fig. 10(a). The mild steel surface in 1 M HCl

containing FAP and PAP are shown in Fig. 10(b) and Fig. 10(c)

respectively. The smooth surface of the Fig. 10(b) and Fig. 10(c)

exhibited in Fig. 10(b and c) were attributable to the inhibitor

molecules adsorbing on the surface.

3.6 Computational studies

Several computational chemistry methods, including density

functional theory (DFT), molecular dynamics (MD), and Monte

Carlo (MC) simulations, have recently emerged as powerful

corrosion monitoring tools [60]. DFT simulations are the most

powerful computational tool, providing vital indices such as the

energy of frontier molecular orbitals (FMOs), EHOMO and

ELUMO, and numerous correlation parameters such as energy

band gap (ELUMO− EHOMO= ΔE), hardness (η), electronegativity

(χ), dipole moment (μ), softness (σ), fraction of electron transfer

(ΔN) and so on, with which the adsorption ability and corrosion

inhibition effectiveness of a compound can be evaluated. DFT

studies are commonly used to correlate the relative inhibitory

effect of a group of drugs with comparable molecular structures.

Fig. 8. Temkin’s adsorption isotherms of PRP in 1.0 M HCl

Fig. 9. Temkin’s adsorption isotherms of PRP in 1.0 M HCl

Fig. 10. SEM pictures of mild steel (a) with a 1 M HCl solution, and (b) with a 1 M HCl solution containing FAP, and (b) with a
1 M HCl solution containing PAP
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In general, higher EHOMO, softness (σ) and dipole moment (μ)

and lower ELUMO, ΔE, electronegativity (χ) and hardness (η)

values are associated with high inhibition efficiency [61]. 

The energy band gap E (ELUMO EHOMO) is one of the most

important indices, and a lower value is related with a better

inhibitory efficiency. It is necessary to note that the iron atoms

on the mild steel surface and inhibitor molecules interactions

heteroatoms and/or pi-bonds, of the inhibitor molecules are

affected in bonding with the mild steel surface. These heteroatoms

and/or pi-bonds are named adsorption or active centers. 

The application of DFT is recognized as one of the most

important ways for selecting the relevant sites of the inhibitor

molecule among the various theoretical and experimental

approaches [62]. The electron rich centers (active centers) that

actively contribute to charge sharing with the metallic surface

are represented by localized regions in FMOs (HOMO and

LUMO). Aromatic ring(s) and/or polar functional groups are

the most common electron-rich centers. The contribution of

FMOs in charge sharing with the metal surfaces, on the other

hand, is highly dependent on the type of the substituents. 

For studying the structure and behavior of corrosion

inhibitors, the quantum chemistry technique is highly beneficial

[63]. Several thermodynamic parameters may be estimated

computationally from Gaussian output files based on the

optimized structures of FRP and PRP at B3LYP/6-311G(d,p),

Fig. 11. Mulliken charges are used to estimate inhibitor

adsorption centers. Because they are more negatively charged,

the oxygen and nitrogen atoms in FRP and PRP are the most

favourable sites for adsorption of these inhibitors onto the metal

surface via a donor–acceptor type of interaction, as shown in

Table 2. Furthermore, in FRP and PRP, the heterocyclic and

benzene rings stimulate the formation of adsorbate–surface

complexes [64].

The electron-donating location of the molecule can be

displayed using the highest occupied molecular orbital (HOMO)

[65]. According to the HOMO diagrams of FRP and PRP in

Fig. 11, both can donate electrons to the metal surface, primarily

at the O and N atoms. The lowest unoccupied molecular orbital

(LUMO), on the other hand, reflects the compound’s ability to

receive electrons. The shapes of the LUMOs in Fig. 11

demonstrate that the FRP and PRP receiving positions are

comparable. Nitrogen, oxygen, and carbon atoms are perhaps

the most active LUMO centers in FRP and PRP (near the double

bonds or heterocyclic ring). When looking at the HOMO values

in Table 2, it’s evident that PAP, which has the highest inhibitory

efficiency, also has the highest EHOMO as computed using the

DFT/B3LYP/6-31G basis set for both gas and aqueous phases.

As per the HOMO, the two explored Schiff bases are PAP >

FAP; EHOMO. This backs up the experimentally determined

ranking. According to the DFT/B3LYP/6-31G computations,

FAP has the highest LUMO value in the aqueous phase, while

PAP and FAP have about identical LUMO values in the gas

phase; thus, it has the lowest chance to interact with the mild

steel surface. The variation in energy between the HOMO and

the LUMO (E) is a significant element in determining chemical

reactivity, kinetic stability, chemical hardness/softness, and

optical polarizability of organic compounds. Large values of

E result in strong electrical stability and minimal reactivity.

On the other hand, high values of E imply high reactivity since

electrons are easily excited and transferred from the HOMO to

the LUMO. As a result, lower E values indicate a good organic

corrosion inhibitor. According to the DFT/B3LYP/6-31G

Fig. 11. Optimized structures, HOMO and LUMO for the tested inhibitors at B3LYP/6-311G(d,p) in the gas phase
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calculations, PAP has the lowest value of E in both gas and

aqueous phases, indicating that it has the strongest response,

along with FAP. On decreasing values of ΔN, which is an

electron transfer from the Schiff bases to the mild steel surface

that has also been computed, the efficiency of Schiff bases

increases. The Schiff bases have ΔN values (ΔN<0). The

quantum parameters energy of HOMO (EHOMO), energy of

LUMO (ELUMO), energy gap (ΔEL–H), electronegativity (χ),

hardness (η), softness (σ), and the number of electrons

transferred (ΔN) are determined and listed in Table 2.

The EHOMO value of a molecule is used to determine its ability

to donate electrons. A molecule with a higher EHOMO can easily

donate electrons to low-energy, empty molecular orbital acceptor

molecules. The EHOMO value of FRP (-7.287 eV) is lower than

the EHOMO value of PRP (-7.79 eV) in Table 2, which is in line

with the experimental data. The ability of a molecule to take

electrons is represented by the ELUMO value. The lower the ELUMO’s

value, the easier it is for it to accept electrons.

The inhibitory efficiency can be sorted in the following order:

PRP > FRP, based on the computed ELUMO values in Table 2.

The variation in chemical potential on the total number of atoms

is represented by absolute hardness (η). The higher the absolute

hardness of a compound's stability, the more stable it is. PRP

has a higher inhibitory efficiency than FRP, based on the

computed values in Table 2. Furthermore, PRP has a higher ΔN

value than FRP. It also suggests that PRP has a stronger ability

to exchange electrons than FRP. In summary, the quantum

chemical parameters (ELUMO, ΔE, η, σ, and ΔN) of neutral

inhibitors correspond well with the above-mentioned

experimental data. It is important to note that both PRP and

FRP are studied in acid solution.

3.7 Mulliken charges

Mulliken charges are used to determine the adsorption centers

of the tested inhibitor. The easier it is for the atoms to transfer

electrons, the more negatively charged they are. Table 3 shows

that the N, and O atoms are electron-donating sites in the

inhibitor compounds that have been studied. It is obvious from

Table 3, that O(3), and N(4), have the highest atomic charges.

These atoms have the ability to bonded with the metal surface

Table 2. Quantum Chemical Parameters for Inhibitors at B3LYP/6-311G(d,p)

Inhibitors E
HOMO

 (eV) E
LUMO

 (eV) ΔE (eV) χ (eV) η (eV) σ (eV-1) ΔN

FRP (Gas) –7.287 –2.915 4.372 5.101 2.186 0.457 -0.064

PRP(Gas) –7.79 -3.149 4.641 5.469 2.320 0.431 -0.139

FRP (Aqueous) -7.523 -3.142 -4.381 5.332 2.190 0.456 -0.116

PRP (Aqueous) -8.435 -3.007 -5.428 5.721 2.714 0.368 -0.165

Table 3. Mulliken atomic charges of FRP and PRP in the gas phase

FRP PRP

No. Charge No. Charge No. Charge No. Charge No. Charge No. Charge

C1 -0.1383 C8 -0.171 N15 -0.1025 C1 -0.1275 C8 -0.1759 C16 0.0136

C2 0.3328 C9 0.0617 C16 0.0415 C2 0.3417 C10 -0.1343 C17 -0.0357

O3 -0.303 C10 -0.1403 O17 -0.087 O3 -0.3159 C11 -0.1142 C18 -0.1544

N4 -0.2017 C11 -0.1143 C18 -0.0873 N4 -0.2318 C12 -0.1487 C19 -0.0948

N5 -0.0904 C12 -0.1471 C19 -0.1423 N5 -0.0776 C13 -0.1168 C20 -0.1674

C6 -0.1314 C13 -0.1181 C20 -0.2081 C6 -0.1349 C14 -0.1609 C21 -0.0646

C7 -0.0109 C14 -0.1556 C21 -0.0683 C7 0.0174 N15 -0.1157 N22 -0.1154
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and forming coordination bonds.

3.8 Fukui Functions

To use the Mulliken population analysis, the nucleophilic sites

(fk+), electrophilic sites (fk–), and the dual descriptor (f(k))

were computed by applying relations (6-8), 

(6)

(7)

(8)

where q
k
 is the atomic charge in its neutral (N), cationic (N –

1), or anionic (N + 1) state.

The Fukui data for the Schiff bases (FAP, and PAP) are

determined as a result of the Fukui analysis.

The oxygen atom of the carbonyl group, which is directly

linked to the heterocyclic ring, has the largest value of ( ),

with values of 0.116 (atomic charge = -0.303) and 0.131 (atomic

charge = -0.3159) for FAP and PAP, respectively. (47) This

implies that it has a strong ability to donate electrons to the

surface of mild steel. The FAP and PAP molecules' nitrogen

atoms have high values of ( ) and participate in the donating

process. We can get two indicators for both donor (f(r) 0) and

acceptor (f(r) > 0) sites using the dual descriptor (f(k)). The oxygen

and nitrogen atoms are the optimum for donor sites, with values

of -0.303 [O3], -0.2017 [N4] and -0.3159 [O3], -0.2318 [N4 for

FAP and PAP, respectively. The optimum acceptor site for both

FAP and PAP is the carbon atom, which has an atomic charge

value of -0.1314 and -0.1349 for FAP and PAP, respectively. 

3.9 Corrosion and Corrosion Inhibition Mechanisms

Mild steel corrosion in HCl  solution is primarily uniform

corrosion. When a mild steel sample is dipped in an HCl

environment, an attack on the mild steel occurs due to the

creation of ferrous ionic species (Fe2+) and the generation of

hydrogen. The steps that followed have been used to describe

this mechanism, [66]. The following equations show how anodic

dissolution works. (9) to (14):

(9)

(10)

(11)

(12)

(13)

(14)

In addition, the following equations determine cathodic H2

development (15) to (17):

(15)

(16)

(17)

Regrettably, the mechanism of the inhibition technique by the

investigated Schiff bases was explained in terms of the

adsorption of the Schiff bases molecules at the metal/solution

interface, based on the available findings obtained from the

gravimetric methods, which indicated that the evaluated Schiff

bases behave as proficient inhibitors for the corrosion of mild

steel in 1.0 M HCl solution, and also the earlier described

investigations. Physical, chemical, or a combination of the two

adsorption mechanisms could be used in the adsorption process.

The current report's thermodynamic parameters indicated that

the nature of the two inhibitors’ adsorption on the mild steel

surface in HCl solution was mostly physically and chemically.

The inhibitor molecules’ adsorption on the mild steel surface

was determined by their chemical compositions, the strength of

charge density, and the acidic environment’s nature. The chemical

compositions of the investigated Schiff bases molecules (Fig. 1)

demonstrate that they exhibit a variety of adsorption mechanisms,

which can be characterized as follows:

First, sections of the Schiff bases molecules were protonated

in an acidic solution [67], resulting in protonated cations

coexisting with neutral Schiff bases molecules.

Electrostatic interaction between the protonated inhibitor

molecules and the positively charged mild steel surface is based

on consideration. Conversely, in HCl environment, the

originally adsorbed negatively charged chloride anions (Cl–) are

fk
+

qk N 1+( ) qk N( )–=

fk
–

qk N( ) qk N 1–( )–=

f k( )Δ fk
+

fk
–

–=

fk
–

fk
–

Fe H
+

e
–

+ + FeH→

FeH FeH+ 2Fe H
2

+→

H
2
O ads( ) OH ads( )

–
H aq( )

+
+→

Fe OH ads( )

–
+ FeOH ads( ) e

–
+↔

FeOH ads( ) FeOH ads( ) e
–

+→

FeOH
+

H
+

+ Fe
++

H
2
O+↔

Fe H ads( )

+
+ FeH ads( )

+
↔

FeH ads( )

+
e
–

+ FeH ads( )↔

FeH ads ( ) H
+

e
–

+ + Fe H
2

+↔

Fig. 12. The adsorption mechanism of FAP molecules on the
mild steel surface
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extended to meet the positive charges steel surface, resulting in

an excessive negative charge on the steel surface. As a result

of the electrostatic attraction between the negatively charged

surface and the protonated inhibitor molecules, a protective

barrier will form on its surface (physical adsorption).

Secondly, the creation of coordination bonds between the lone

pairs of electrons positioned on the oxygen and nitrogen in

Schiff bases molecules, and the unoccupied d-orbitals of Fe

atoms, may result in adsorption of the Schiff bases molecules

(Figs. 12 and 13). 

Furthermore, -electrons in the aromatic rings of the

investigated Schiff bases molecules can adsorb via a donor–

acceptor interaction (chemical adsorption) [68]. Third, the dye

compounds studied are excellent ligands that can form

coordination complexes by chelating with metal ions. As a

result, they may form metal–inhibitor complexes [Fe2+ – Inh.]ads
with Fe2+ ions produced on the mild steel surface, forming a

blocking barrier to further dissolution according to the equation

below (18),

(18)

Adsorption of inhibitor molecules also necessitates the

replacement of one or even more water molecules adsorbed on

the surface of the metal by these same molecules or the anions

of the acidic solutions, as shown in equation (19), 

(19)

Eventually, iron oxidizes in hydrochloric acid solution,

forming ferrous salt (FeCl2) with the release of H2↑, as

explained by the equation below (20), [69-72]

↑ (20)

The FeCl2 generated is less soluble and clings tightly to the

mild steel surface, forming a protecting layer that protects the

mild steel surface from additional HCl attack.

4. Application

Corrosion inhibitors are typically applied in oil and gas

production to mitigate corrosion caused by the presence of acidic

gases. The laboratory testing performed when evaluating

corrosion inhibitors normally only assesses inhibitor efficacy in

preventing general corrosion. Unfortunately, there are still a

number of difficulties to consider in the established uses of

corrosion inhibitors, such as pricing, degradability, and thermal

stability, to name a few [73]. Besides the use of Schiff bases

derived from 4-aminoantipyrine in coordination chemistry,

they are extensively used in the fields like corrosion inhibition,

energy harvesting, antimicrobial, anti-inflammatory, antioxidant,

cytotoxicity, anti-convulsant, anthelmintic activity, analgesic,

antipyretic, DNA binding and DNA cleavage, etc. 

5. Conclusions

The use of corrosion inhibitors is one of the significant

techniques for mild steel surface modification to control or

impedance the corrosion. In the current investigation, the Schiff

bases derived from 4-aminoantipyrine namely 4-((furan-2-

ylmethylene)amino)antipyrine (FAP) and 4-((pyridin-2-ylmethy-

lene)amino)antipyrine (PAP) were successfully synthesized

and fully characterized. For the corrosion inhibition investigation,

the potential of FRP and PRP to suppress corrosion has been

studied using gravimetric measurements and quantum chemical

calculations. The influence of molecular structure, concentration,

immersion time, and temperature on corrosion inhibition has been

examined. The following are the most important conclusions:

1. FRP and PRP are prospective mild steel corrosion

inhibitors in 1 M HCl, with efficiencies at 303 K of 93.3 % and

96.5%, respectively. Because PRP has a pyridine ring in its

structure, it has a better inhibitory ability than FRP in the same

conditions.

2. As the inhibitor concentration rises, the inhibition efficacy

rises, and the inhibitors tend to be more tightly coupled to the

mild steel surface.

3. The adsorption of FRP and PRP on the mild steel surface

is consistent with Langmuir adsorption, which is a combination

of physical and chemical adsorption. 

4. Although there have been few reports that molecular

adsorption orientation can be detected by improved electron

microscopic technology [71,72], the interface adsorption

behavior of many corrosion inhibitors cannot be directly

observed from experimental perspective. In this work, we focus

on a cheap organic small molecule (FRP and PRP), and its

inhibition effect on mild steel corrosion in 1 M HCl were fully

Inh ads( ) Fe
+++

+ Fe
++

Inh–[ ] ads( )→

Inh sol( ) xH
2
O

ads( )
+ Inh ads( ) xH

2
O

sol( )
+→

HCl Fe+ FeCl
2

H
2

+→

Fig. 13. The adsorption mechanism of PAP molecules on the
mild steel surface
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investigated by a series of experimental and theoretical methods.

SEM morphology observations prove the film-forming

capability of the FRP and PRP molecules over the mild steel

surface. 

5. Computation analyses were used to estimate the ability of

FRP and PRP to suppress corrosion. As a result, both

experimental and theoretical results are in good accord.

6. Overall, our findings suggest that FRP and PRP are

nontoxic, highly soluble, and effective corrosion inhibitors. It

is of great significance for enhancing the corrosion resistance

of steel surfaces
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