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Abstract 

In order to investigate the corrosion of carbon steel (C38) in acidic media, experimental studies (weight loss measurements, 

electrochemical methods, thermodynamic adsorption isotherms and field emission scanning electron microscopy coupled with energy 

dispersive X-ray) and computational approach were adopted to study the newly synthesized and simple Schiff base structure, namely 

4-((phenylimino)methyl) phenol (PIMP) as a corrosion inhibitor for C38 steel in 1M HCl. Characterization techniques (Fourier 

Transform Infrared spectroscopy, mass spectrometry, proton nuclear magnetic resonance) showed that PIMP was successfully 

synthesized with a yield of 63%. Experimental methods (weight loss, open circuit potential (OCP), electrochemical impedance 

spectroscopy (EIS), potentiodynamic polarization (PDP)) showed that PIMP is a mixed-type inhibitor with an inhibition percentage of 

91.1% under optimal conditions (7.5 mM PIMP at 30°C). These experimental results were supported by surface analysis (Field 

Emission Scanning Electron Microscopy (FESEM) coupled with Energy Dispersive X-Ray (EDX)), where PIMP molecules are 

adsorbed on the steel surface and form a protective barrier against aggressive ions, thereby limiting steel oxidation. The adsorption of 

PIMP on the carbon steel surface followed the Langmuir adsorption isotherm along with a mixture of physical and chemical 

adsorption, forming a complete and dense protective film on the C38 steel surface. Theoretical results using density functional theory 

(DFT) calculations showed that PIMP contains highly reactive centers and confirmed the experimental results obtained. 
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1. Introduction 

Carbon steel is one of the most common and least expen-

sive materials used in almost all industrial processes. This is 

due to its many properties, such as machinability, ductility, 

high melting point, and good thermal and electrical conduc-

tivity. However, one of the main problems in industrial de-

velopment is the degradation of steel due to a corrosion pro-

cess. Corrosion refers to all phenomena in which a metal or 

metal alloy tends to oxidize under the influence of gaseous or 

liquid reactants. This irreversible process causes heavy eco-

nomic losses in most industries (oil, food, water treatment, 

etc.), resulting in production stoppages, replacement of cor-

roded parts, accidents and pollution risks. [1-3] The losses 

caused by corrosion could be minimized by a better under-

standing of this phenomenon and a better application of safe 

and less costly techniques. 

To date, many techniques have been developed to control 

and prevent corrosion in an aggressive environment (acidic 

environments, neutral or alkaline chloride media, etc.), such 

as the application of coatings, sacrificial anode protection, 

galvanizing, or the use of corrosion inhibitors. [4-7] However, 

corrosion inhibitors could be used to protect steel. This does 

not require any significant maintenance of the technical 

equipment requiring this corrosion protection. 

A corrosion inhibitor is a chemical compound that, when 

added at low concentrations to a corrosive environment, slows 

or stops the corrosion process of the metal. Many organic and 

inorganic molecules have been successfully used as corrosion 

inhibitors for steel; however, due to environmental constraints 

due to their high toxicity and ecological aspects, inorganic 

inhibitors are gradually being banned and organic molecules 

are increasingly being used. [8, 9] Thus, one of the most 

environmentally friendly, cost-effective and practical ap-

proaches is the use of organic inhibitors, given the large 

amount of work carried out on this subject. [6, 10, 11] Organic 

inhibitors have heteroatoms (nitrogen, oxygen, sulfur and 

phosphorus) and pi-conjugated systems responsible for their 

corrosion inhibition mechanism. In fact, they act by an ad-

sorption mechanism on the surface of metals and alloys 

through these electron-rich sites, forming a protective barrier 

against aggressive agents present in the solution and pre-

venting oxidation of metals and alloys [12-16]. 

Among the organic inhibitors (plant extracts, quinoxaline 

derivatives, epoxy resin, Schiff bases, etc.), Schiff bases have 

been extensively studied as acid corrosion inhibitors for 

carbon steel. [Schiff bases are organic compounds containing 

an imine (>C=N-) group with the general formula 

R3R2C=NR1, where R1 is H; R1, R2 and R3 can be aryl or 

alkyl groups. They are also known as imines, azomethines or 

anils. [18] They are formed by the reaction of a primary amine 

with an aldehyde or ketone. Schiff bases play an important 

role as potent antimicrobial agents. [19, 20] They are also 

used as polydentate ligands for the synthesis of metal com-

plexes. [21, 22] To date, several Schiff bases have been re-

ported as corrosion inhibitors of metals and alloys in acidic 

environments. [14, 15, 23-27] The increasing number of 

Schiff's bases used as corrosion inhibitors is mainly due to 

their low toxicity and affordable synthesis reagents. [10] 

Numerous publications on organic corrosion inhibitors have 

demonstrated that Schiff's bases have much higher inhibition 

efficiencies than the aldehydes, ketones, and amines from 

which they are derived. [27-29] In addition, the literature 

indicates that the synthesis of polydentate Schiff's bases, 

which have many heteroatoms and pi-conjugated systems, is 

much more complex and requires synthetic processes that are 

not easily implemented. [30-32] However, these polydentate 

Schiff bases (large molecules) do not necessarily guarantee 

excellent corrosion inhibition of carbon steels in acid medium. 

[33-35] The synthesis of a simple Schiff base (a small mole-

cule), which is easy to obtain and has structural elements that 

allow it to be adsorbed on the steel surface in an acidic me-

dium, would be very interesting for the investigations related 

to the corrosion inhibition of carbon steels using Schiff bases. 

Indeed, one of the major issues in the field of corrosion inhi-

bition today is the use of effective, inexpensive and readily 

available inhibitors, given the large financial losses already 

caused by corrosion itself [7, 15]. 

Therefore, the aim of this work is to investigate the inhib-

itory activity of a new and simple monodentate Schiff base on 

the corrosion of C38 steel in 1 M hydrochloric acid medium. 

The imine, namely 4-((phenylimino)methyl)phenol (PIMP), 

was obtained from the condensation reaction between 

4-hydroxybenzaldehyde and phenylamine. Characterization 

of the synthesized molecules was performed by Fourier 

transform infrared spectroscopy (FTIR), mass spectroscopy 

(MS), and proton nuclear magnetic resonance (
1
H NMR). The 

corrosion rate and inhibitory activity of PIMP were evaluated 

by weight loss measurements and electrochemical measure-

ments (open circuit potential, electrochemical impedance 

spectroscopy, and potentiodynamic polarization). The reac-

tion surface of C38 steel was characterized by field emission 

scanning electron microscopy (FESEM) coupled with energy 

dispersive X-ray (EDX) spectroscopy. In addition to the 

experimental studies, computational studies using Density 

Functional Theory (DFT) were also carried out to obtain a 

theoretical estimate of the inhibitory performance of the PIMP 

molecules and to provide the elements needed to better un-

derstand the corrosion inhibition mechanism of the steel. 

2. Materials and Methods 

2.1. Metal Samples 

The corrosion studies were carried out on a cylindrical 

sample of C38 steel 1 cm in diameter, supplied by Tacinas 
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Company, France. Its chemical composition is as follows (% 

by mass): 0.360 C; 0.230 Si; 0.680 Mn; 0.016S; 0.077 Cr; 

0.011 Ti; 0.059 Ni; 0.009 Co; 0.160 Cu and Fe (remaining). 

For corrosion measurements, the side surface of the C38 steel 

rod was coated with polytetrafluoroethylene (PTFE), leaving 

its free circular base area of 0.785 cm
2
. In order to obtain 

reproducible electrochemical measurements, this reaction 

surface (working electrode) was abraded beforehand using 

silicon carbide abrasive papers of different grain sizes (500, 

1000, 1200 and 2400). Starting from the most abrasive to the 

least abrasive then this surface was rinsed with deionized 

water and dried with ethanol. 

2.2. Working Solution 

The corrosive solution was prepared from a commercial 

solution of 37% hydrochloric acid (Scharlau) and deionized 

water. In order to be able to develop an inhibitor for a strongly 

acidic medium and to be able to compare the results obtained 

with those of the literature, the investigations were carried out 

in 1M HCl medium. All electrochemical measurements unless 

otherwise stated were performed in an electrochemical cell 

thermostated at 30°C. 

2.3. Synthesis and Characterization of 4-((phenylimino)methyl) phenol (PIMP) 

2.3.1. Synthesis Equation of PIMP 

 
Scheme 1. Synthesis equation of PIMP. 

2.3.2. Synthesis Procedures 

1) Introduce 4-hydroxybenzaldehyde (Sigma-Aldrich, 98%, 

6.18 g, 50 mmol) into a 100 mL flask, then add ethanol 

(98°, 25 mL) with a few drops of acetic acid (Scharlau) 

and stir at 80°C. 

2) Once the compound has dissolved, add aniline (Prolabo, 

100%, 4.5 mL, 50 mmol) dissolved in 25 mL of ethanol, 

and bring to reflux. 

3) After 3 hours, the solution is removed from reflux and 

left at ambient temperature and 30 minutes later, the 

formation of a precipitate is observed. 

4) Place the solution in an ice bath for about 10 min. 

5) Remove the solution from the ice bath and allow to re-

turn to room temperature then filter. 

6) The recrystallization was carried out in ethanol/water 

ratio (1:1). 

2.3.3. Solubility Tests 

PIMP molecule is soluble in polar solvents such as dime-

thylformamide, dimethyl sulfoxide, methane-dichloride, 

2-propanone and ethanol. It is noted that PIMP molecule 

dissolves in the aggressive solution after agitation. 

2.3.4. Characterization of PIMP 

The chemical characterization was carried out in order to 

elucidate the chemical structure of the synthesized compound 

via different techniques: Fourier transform infrared spectrum 

(IR-TF) on a Bruker Alpha FTIR-8300 spectrometer, mass 

spectrum on the MALDI/TOF BRUKER spectrometer and 

nuclear magnetic resonance spectrum (NMR 
1
H) on a Bruker 

Spectro spin instrument at 300mMHz Ultra Shield magnets. 

2.4. Gravimetric Measurement 

Weight loss study was performed using cubic samples of 1 

cm in length with the same carbon steel composition of the 

working electrode, were abraded successively with different 

grades of silicon carbide abrasive papers (500; 1000; 1200 

and 2400), washed with deionized water and dried with eth-

anol. After being weighed using a ± 0.0001 g precision bal-

ance. The surfaces of the sample were coated with polytetra-

fluoroethylene (PTFE), leaving its free square base area of 1 

cm
2
. The specimens were immersed in 1M HCl with and 

without various concentrations of the studied compounds in 

aerated condition at room temperature. After a 24 hours 

immersion, the samples were taken out, thoroughly rinsed 

with deionized water, dried and further weighed accurately. 
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The corrosion rate CRW (mg.cm
-2

.h
-1

) was calculated using 

equation 1: 

𝐶RW =
𝑊

𝑆.𝑡
                  (1) 

Where, W is the weight loss of carbon steel sample, S is the 

total area of carbon steel sample and t is immersion time (24 

hours). The inhibition efficiency EW (%) was calculated using 

equation 2: 

𝐸W(%) = (
𝐶RW
° −𝐶RW

𝐶RW
° ) × 100         (2) 

Where 𝐶RW
°  and 𝐶RW  are uninhibited and inhibited cor-

rosion rates, respectively. 

The precision of the corrosion rate is calculated by using 

three different measurements. Standard deviation of the cor-

rosion rate is also calculated. 

2.5. Electrochemical Measurements 

The electrochemical measurements were carried out in a 

thermostatically controlled electrochemical cell containing 

three electrodes. The working electrode is a cylindrical rod of 

0.785 cm
2 

in surface of C38 steel, Auxiliary electrode is of 

platinum with 0.092 cm
2
 in surface and the reference elec-

trode is a saturated calomel electrode (SCE). These three 

electrodes are connected to an Autolab PGSTAT Potentiostat 

/ Galvanostat which has an impedance module and is con-

trolled by Frequency Response Analyzer (FRA) for electro-

chemical impedance spectroscopy (EIS) measurements and 

General Purpose Electrochemical Software (GPES) softwares 

for open circuit potential (OCP), and potentiodynamic polar-

ization (PDP) measurements. Before each recording of the 

OCP, EIS and PDP curves, the reactional surface of C38 steel 

is first immersed in an aggressive solution for 1 hour without 

and with different concentrations of inhibitor in order to reach 

a quasi-stationary time necessary for the other electrochemi-

cal measurements. The polarization curves are recorded at 

 300 mV/SCE of the corrosion potential with a scanning 

speed of 1 mV/s. The electrochemical parameters such as the 

corrosion current (Icorr), the anodic and cathodic Tafel slopes 

(ba and bc) and the polarization resistance (Rp) are obtained by 

fitting the experimental curves using the EC-Lab V11.2.1 

software. 

The inhibition percentage calculated from Icorr and Rp are 

given by equations 3-4: 

𝐸Icorr = (𝐼corr
′ − 𝐼corr) × 100/𝐼corr

′        (3) 

𝐸𝑅𝑝 = (𝑅𝑝 − 𝑅𝑝
′) × 100/𝑅𝑝       (4) 

Where Icorr' and Rp' are respectively the corrosion current 

and the polarization resistance in the absence of inhibitor; 

Icorr and Rp are respectively the corrosion current and the 

polarization resistance in the presence of inhibitor. 

The EIS curves are recorded at the corrosion potential with 

an amplitude of 10mV, in a frequency range of 10
4
 Hz to 10

-2
 

Hz. The experimental data are also processed using the EC- 

Lab V11.2.1 software. 

The inhibitory efficacy calculated from the EIS data is 

given by equation 5: 

𝜂Rct = (𝑅𝑐𝑡 − 𝑅𝑐𝑡
′) × 100/𝑅𝑐𝑡      (5) 

Where Rct' is the charge transfer resistance in the absence 

of inhibitor and Rct that in the presence of inhibitor. 

Each manipulation is repeated three times in order to ensure 

the reproducibility of the results. 

2.6. The Field Emission Scanning Electron  

Microscopy (FESEM) and Energy  

Dispersive X-ray (EDX) Analysis 

FESEM/EDX analyzes were used to study the morphology 

and the elemental composition of the C38 steel surface after 5 

hours of immersion in 1M HCl solution in the absence and in 

the presence of the optimal concentration of inhibitor. These 

analyzes were carried out using HYROX SH-3000 and 

EDX-BRUKER devices. 

2.7. Quantum Chemical Analysis 

2.7.1. Global Quantum Chemical Reactivity 

The electronic quantum chemistry applying the density 

functional theory (DFT) method was adopted to computa-

tionally study the electronic-structure of PIMP and his pro-

tonated form PIMPH
+
 to arrive at a better comprehension of 

the link between the structure of this molecule and his inhib-

itory efficiency utilizing Gaussian 09W 9.5 Revision D.01 

software coupled with GaussView 5.0.8 software. The quan-

tum chemical descriptors were computed using DFT method 

at the Becke-3-parameter-Lee–Yang–Parr (B3LYP) level on 

the 6-31G (d, p) basis in the aqueous phase. [2] These de-

scriptors were computed four times and the mean value and 

the standard deviation were obtained and presented. 

2.7.2. Fukui Indices and Dual Fukui Descriptors 

The reactivity of the local sites that accountable for inter-

actions with Fe-surface were investigated by means of con-

densed Fukui indices [5], local softness (  
 ), and local elec-

trophilicity (  
 ) according equations 6-8. 

𝑓𝑘
+ = 𝑞𝑘(𝑁 + 1) − 𝑞𝑘(𝑁) (𝑓𝑜𝑟 𝑛𝑢𝑐𝑙𝑒𝑜𝑝ℎ𝑖𝑙𝑖𝑐 𝑎𝑡𝑡𝑎𝑐𝑘𝑠) (6) 

𝑓𝑘
− = 𝑞𝑘(𝑁) − 𝑞𝑘(𝑁 − 1) (𝑓𝑜𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑝ℎ𝑖𝑙𝑖𝑐 𝑎𝑡𝑡𝑎𝑐𝑘𝑠) (7) 

  
 = 𝑆𝑓𝑘

𝛼 𝑎𝑛𝑑  𝑘
𝛼 =  𝑓𝑘

𝛼             (8) 

where 𝑞𝑘(𝑁) , 𝑞𝑘(𝑁 + 1)  and 𝑞𝑘(𝑁 − 1)  are the charges 
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values of atom k for neutral, cation and anion species, re-

spectively. Also, the  = + − and 0 corresponds to local 

softness quantities describing nucleophilic, electrophilic, and 

radical attacks, respectively. More precisely, the dual Fukui 

descriptor or the second order Fukui functions (𝑓𝑘
 ), the as-

sociated dual local softness (  𝑘) and the dual local philicity 

(  𝑘 ) are used to give a simple and instinctive way to 

chemical reactivity in a local sense. These dual descriptors are 

defined as follows equation 9 [5]: 

𝑓𝑘
 = 𝑓𝑘

+ − 𝑓𝑘
−   𝑘 =  𝑘

+ −  𝑘
− 𝑎𝑛𝑑   𝑘 =  𝑘

+ −  𝑘
−  (9) 

3. Results and Discussion 

3.1. Synthesis and Characterization of PIMP 

4-((phenylimino)methyl) phenol (PIMP) was obtained 

following the condensation reaction between phenylamine 

and 4-hydroxybenzaldehyde according to Scheme 2: 

 
Scheme 2. Synthesis equation of PIMP. 

PIMP inhibitor is soluble in polar solvents such as dime-

thylformamide, dimethyl sulfoxide, methane-dichloride, 

2-propanone, and ethanol. The Fourier transform IR spectrum 

of PIMP reveals the appearance of a new absorption band at 

1583 cm
-1

, attributable to the azomethine group. The disap-

pearance of the absorption bands of the carbonyl and amine 

functional groups is also noted. Analysis of the chemical ioni-

zation mass spectrum shows that the peak of the molecular ion 

has an m/z ratio equal to 197.973 ≈ 198 g/mol. Knowing the 

expected structure of the molecule whose molar mass is 197 

g/mol, we can affirm that the molecular ion is [M+H]+, thereby 

confirming the effective synthesis and purity of PIMP. Figure 1 

shows the nuclear Magnetic resonance (NMR) protons of 

PIMP. The NMR proton spectrum of PIMP showed that the 

azomethine proton (H4) appears at 8.44 ppm. 

 
Figure 1. Elucidation 1H NMR spectrum of PIMP synthetized. 
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Therefore, all characterization techniques show that 

Schiff's base molecule (4-((phenylimino)methyl)phenol) has 

been successfully synthesized. 

3.2. Gravimetric Measurement 

Table 1 presents the values of the corrosion rate and inhib-

itory efficacy calculated by the gravimetric method at various 

concentrations of PIMP in 1M hydrochloric acid at room 

temperature 30 1°C, after 24 h of immersion. Furthermore, 

accuracy is essential to determine whether the mass loss 

measurement is properly. It can be seen that the corrosion rate 

(CRW) decreased when the concentration of the inhibitor 

increased, and that the inhibition percentage (EW) increased 

up to maximum value of 79.9% at 10mM of PIMP. This 

increase is probably due to the adsorption of the inhibitor, 

which forms a protective layer on the surface of the steel and 

prevents the latter from dissolving. 

Table 1. Corrosion parameters of the mass loss of C38 steel after 24 hours of immersion in 1 M HCl medium at different concentrations of 

PIMP at room temperature. 

Conc (mM) 

CRW (mg.cm-2.h-1) 

CRW Mean Standard Deviation Precision Result EW (%) 

Test 1 Test 2 Test 3 

Blank 0.72 0.60 0.68 0.66 0.05 0.66   0.05 / 

1 0.32 0.28 0.29 0.30 0.02 0.30   0.02 55.4 

2.5 0.19 0.18 0.20 0.19 0.01 0.19   0.01 71.8 

5 0.17 0.15 0.18 0.16 0.01 0.16   0.01 75.3 

7.5 0.16 0.13 0.17 0.15 0.01 0.15   0.01 77.0 

10 0.13 0.11 0.16 0.13 0.02 0.13   0.02 79.9 

 

3.3. Electrochemical Measurement 

3.3.1. Concentration Effect 

(i). Open Circuit Potential Measurement 

 
Figure 2. Zero current chronopotentiometry of C38 steel in the 

absence and in the presence of different concentrations of PIMP at 

30°C. 

Open circuit potential (OCP) recording provides prelimi-

nary information on the nature of the processes (corrosion, 

passivation…) occurring at the metal/electrolyte interface and 

on the required immersion time for the establishment of a 

stationary regime. The achievement of this equilibrium is 

mandatory before performing electrochemical impedance and 

potentiodynamic polarization measurements. [36] The results 

obtained are presented in Figure 2. 

In the molar solution of hydrochloric acid (uninhibited), it 

can be seen that the OCP of the C38 steel increases sharply 

during the first 500 seconds due to the active corrosion of the 

metal. This was followed by a slight and constant increase of 

the potential due to the gradual stabilization of the corrosion 

rate. After one hour, the recorded OCP was – 0.511 V/SCE. 

When different concentrations of PIMP are added, a sharp 

increase of potential during the first 500 seconds is recorded, 

followed by a slight and constant increase. This behavior 

indicates that the presence of PIMP promotes a fast stabiliza-

tion of the potential at the C38 steel surface. In addition, the 

OCP curves displayed potentials systematically higher than 

those recorded without the PIMP in solution, a proof that even 

minor amounts of this molecule were able to provide valuable 

protection against steel corrosion. At the end of 1 h, all OCP 

values measured were in the range -0.505 V to -0.471 V/SCE 

in the presence of PIMP at concentrations of 1 mM to 10 mM. 

This suggests a possible modification of the C38 steel surface 
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by the adsorption of PIMP molecules on the electrode surface. 

However, a low OCP value gap is noted between concentra-

tions 7.5 mM and 10 mM, involving possible saturation of 

adsorption sites on the steel surface. 7.5 mM of PIMP can be 

therefore considered as the optimal concentration. This be-

havior is close to what was reported by other authors [37-39]. 

 (ii). Electrochemical Impedance Spectroscopy (EIS) 

Measurements 

Figure 3 shows the experimental Nyquist curves, key fre-

quency values, the equivalent circuit model, and the adjusted 

Nyquist curves (fit data) of C38 steel immersed in 1 M HCl 

solution (uninhibited) and with the addition of selected PIMP 

concentrations at 30°C obtained directly after OCP meas-

urement at corrosion potential. The presence of PIMPS in 

solution increases the diameter of the capacitive loops, indi-

cating an effective protection against C38 steel corrosion. 

 
Figure 3. Nyquist curves of C38 steel in the absence and in the 

presence of different PIMP concentrations at 30°C. 

At high frequencies, the Nyquist diagrams consist of a large 

capacitive loop. This suggests that the corrosion of C38 steel 

in 1M HCl medium is mainly controlled by a charge transfer 

process. At low frequencies, the existence of a small inductive 

loop is observed, which could be attributed to a process of 

relaxation of chemical species such as H3O
+
, Cl

-
 or inhibiting 

molecules adsorbed on the C38 steel surface or attributed to a 

redissolution of the passivated surface. [40] 

The precise estimation of this corrosion protection ability 

was based on electrochemical parameters such as: the fre-

quency corresponding to the maximum value of the imaginary 

component of the Nyquist curve (fmax), the surface heteroge-

neity (n), the constant phase element (CPE), the magnitude of 

the CPE (Q), the charge transfer resistance (Rct), the solution 

resistance (Rs), an inductor (L) and inductor resistance (RL). 

where L and RL are associated with the phenomenon of in-

duction at low frequencies. These parameters were obtained 

upon modelling the metallic interface with suitable equivalent 

electrical circuits (EEC). The EECS used in this study are 

presented in Figure 3. This circuit was proposed assuming that 

one time constant (electric double layer) would govern the 

processes at the interface, which is consistent with the pres-

ence of one inflection point in the corresponding Bode dia-

grams. These electrical parameters for different experimental 

conditions are compiled in Table 2 with the calculated 

standard deviation. 

The double layer capacitance was calculated using equation 

10: [41] 

𝐶dl = (
1

𝜔max𝑅ct
)               (10) 

Where ωmax is the maximum angular frequency given by 

Equation 11: [41] 

ωmax = 2π.fmax               (11) 

EIS inhibitory efficacy was calculated using equation 12: 

[42] 

𝐼𝐸EIS(%)  =  (
𝑅ct − 𝑅ct

°

𝑅ct
) × 100        (12) 

Where: Rct° and Rct are the charge transfer resistances 

without and with inhibitor, respectively. 

The values of the relaxation time constant (t) of the charge 

transfer process are obtained using Equation 13: [43] 

𝑡 = 𝑅ct𝐶dl                (13) 

The parameters used in equations 10 to 13 are defined 

above. 

According to Table 2, the values of Rct increase, and those 

of Q and Cdl decrease with the addition of the PIMP to the 

corrosive solution. This can be ascribed to the formation of a 

protective layer at the metal/acid interface, thus decreasing the 

direct contact between the C38 steel and the aggressive solu-

tion. [44] In addition to this, the increasing value of the inhi-

bition efficiency in the presence of PIMP further supports the 

protection ability of the inhibitor. 

The values of the (t) increase when PIMP concentrations 

are added to a corrosive solution. The adsorption process time 

becomes important, indicating that the adsorption process in 

the presence of the inhibitor is slow. [43] However, regarding 

the same (t) values and low inhibition efficiency gap between 

7.5 mM and 10 mM concentrations, it can therefore be as-

sumed that 7.5 mM of PIMP is the optimal concentration as 

seen with OCP measurements. 
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Table 2. EIS parameters and inhibition efficiency at 30°C of C38 steel in the absence and in the presence of different concentrations of PIMP. 

C (mM) Rct (Ω.cm2) Q (µΩ-1.Sn.cm2) n 𝑪𝒅𝒍 (µF.cm-2) T (s) IEEIS (%) 

Blank 23.1   1.6 634.6   19.3 0.876   0.003 406.8 0.009 / 

1.0 39.7   4.6 535.1   91.2 0.874   0.019 334.6 0.013 38.7 

2.5 65.8   1.2 286.5   2.8 0.902   0.000 210.3 0.014 63.0 

5.0 91.3   20.9 223.1   14.6 0.887   0.013 200.7 0.018 73.3 

7.5 193.0   13.9 174.6   21.6 0.887   0.005 143.6 0.028 87.4 

10.0 204.4   8.0 155.1   21.1 0.876   0.013 135.6 0.028 88.1 

Figure 4 (a, b) shows the Bode plots: (a) logarithm of impedance modulus | | versus logarithm of frequency and (b) phase 

shift   versus logarithm of frequency for C38 steel without and with the presence of different concentrations of PIMP at 30°C: 

 
Figure 4. Bode diagram: impedance modulus (a), phase angle (b) of C38 steel in the absence and in the presence of different PIMP concen-

trations. 

Increasing the concentration of the inhibitor leads to an 

increase in    | | and phase angle  . The appearance of a 

single drop in (a) or a single peak in (b) for uninhibited and all 

concentrations studied, the detection of a single time constant 

at the metal/electrolyte interface takes this into account. [45] 

(iii). Potentiodynamic Polarization (PDP)  

Measurements 

In order to evaluate the impact of PIMP molecules on the 

evolution of cathodic and anodic reactions on the surface of 

C38 steel, Figure 5 shows the polarization curves recorded at 

30°C in 1 M HCl medium in the absence and in the presence 

of PIMP concentrations. 

The addition of the inhibitor decreases the anodic dissolu-

tion and delays the hydrogen ion reduction reaction. This 

addition shows the shape of almost parallel cathodic Tafel 

branches. This indicates that the mechanism of hydrogen 

evolution, mainly due to charge transfer as seen with EIS data, 

is not modified upon addition of the inhibitor. 

 
Figure 5. Polarization curves of C38 steel in the absence and in the 

presence of different concentrations of PIMP at 30°C. 

-1 0 1 2 3 4
-0,2

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

2,2

2,4

2,6

lo
g
 I
z
I 
/ 


.c
m

2

log frequency/ Hz

 Uninhibited

 1,0 mM

 2,5 mM

 5,0 mM

 7,5 mM

 10,0 mM

(a)
 

 

-1 0 1 2 3 4

0

10

20

30

40

50

60

70

80
P

h
a
s
e
 a

n
g

le
/d

e
g
re

e

log frequency/ Hz

 Uninhibited

 1,0 mM

 2,5 mM

 5,0 mM

 7,5 mM

 10,0 mM

(b)

 

 

-800 -700 -600 -500 -400 -300 -200

-7,0

-6,5

-6,0

-5,5

-5,0

-4,5

-4,0

-3,5

-3,0

-2,5

-2,0

-1,5

-1,0

-0,5

lo
g
i c

o
rr

 (
A

.c
m

-2
)

E(mV/SCE)

 Uninhibited

 1,0 mM

 2,5 mM

 5,0 mM

 7,5 mM

 10 mM

 

 

http://www.sciencepg.com/journal/mc


Modern Chemistry http://www.sciencepg.com/journal/mc 

 

14 

The mechanism of hydrogen evolution is shown by equa-

tions 14-16: [46] 

𝐹𝑒 + 𝐻+  ↔  (𝐹𝑒𝐻+)𝑎𝑑𝑠         (14) 

(𝐹𝑒𝐻+)𝑎𝑑𝑠  +  𝑒
− → (𝐹𝑒𝐻)𝑎𝑑𝑠      (15) 

(𝐹𝑒𝐻)𝑎𝑑𝑠 + 𝐻
+ + 𝑒− → 𝐹𝑒 + 𝐻      (16) 

The addition of PIMP generates a change of anodic Tafel 

slope. This inhibitor is adsorbed on the surface of the metal 

before blocking the active sites without modifying the anodic 

dissolution mechanism, which is shown by equations 17-20: [47] 

𝐹𝑒 + 𝐶𝑙− ↔ (𝐹𝑒𝐶𝑙−)𝑎𝑑𝑠         (17) 

(𝐹𝑒𝐶𝑙−)𝑎𝑑𝑠 ↔ (𝐹𝑒𝐶𝑙)𝑎𝑑𝑠 + 𝑒
−      (18) 

(𝐹𝑒𝐶𝑙)𝑎𝑑𝑠 → (𝐹𝑒𝐶𝑙
+)𝑎𝑑𝑠 + 𝑒

−      (19) 

(𝐹𝑒𝐶𝑙+)𝑎𝑑𝑠 → 𝐹𝑒
 + + 𝐶𝑙−        (20) 

An increase in current is also observed for potentials above 

350 mV/SCE in most of the anodic curves. This could be due 

to the desorption of molecule inhibitors from the steel surface. 

PDP parameters, namely, corrosion potential (Ecorr), an-

odic and cathodic Tafel slopes (ba and bc), corrosion current 

(icorr), and polarization resistance (Rp) obtained by extrapo-

lation of the polarization curves are grouped in table 3. 

One can note a shift in the corrosion potential in presence of 

different PIMP concentrations compared to the blank corrosion 

potential. This shift being less than 85 mV/SCE, suggesting that 

this compound acts as a mixed-type inhibitor. The polarization 

resistance significantly increases and the corrosion current 

decreases with the increased of PIMP’s concentration, which 

implies that PIMP molecules act by inhibiting the corrosion 

activity of C38 steel. Inhibition efficiency (IE%) calculated 

from Rp or icorr are the same values. It could be explained by 

the good Tafel fit. IERp (%) increases with concentration and 

reaches a maximum of 91.7% at 10mM of PIMP. This assumes 

that the action of the inhibitor is due to adsorption on the steel 

surface. However, a slight difference is observed in the inhibi-

tion percentage for 7.5mM and 10mM concentrations. This 

indicates a saturation of the adsorption sites on the C38 steel 

surface. 7.5mM can be considered as an optimal concentration 

as already observed in the OCP and SIE techniques. Figure 6 

shows the column data of inhibition efficiency obtained using 

EIS and PDP techniques as a function of PIMP concentration. 

 
Figure 6. Evolution of inhibition percentage with PIMP concentra-

tion using EIS and PDP techniques. 

For each concentration of PIMP, the values of IEEIS are low 

compared to IEIcorr. Gap values (∆E = IEIcorr - IEEIS) decrease 

when the PIMP concentration increases. 

Even throw, one cannot exclude some experimental errors 

during the recording of the use of the curves and adjustment of 

the data, this evolution could be due to the fact that the EIS 

technique, being more sensitive, would give more ideal values 

of IE% compared to the PDP technique. where Tafel ap-

proximation may overestimate the inhibitory efficacy of the 

PIMP. Moreover, a decrease in ∆E is observed with the con-

centration, which could be explained by the better sensitivity 

of the PDP technique when the inhibition efficiency already 

reaches its optimum. 

Table 3. Electrochemical parameters and inhibitory efficiencies obtained from LSV curves of C38 steel in 1M HCl at different PIMP concen-

trations at 30°C. 

C (mM) Ecorr (mV/SCE) Rp (Ohm) Icorr (µA/cm2) Ba (mV/dec) Bc (mV/dec) IERp (%) IEIcorr (%) 

Blank -493.4   1.0 27.9   3.9 1203.4   200.6 192.0   14.0 128.3   1.4 / / 

1.0 -482.4   2.9 52.6   1.4 498.2   18.0 123.2   8.1 115.0   3.5 55.7 55.8 

2.5 -473.2   0.6 117.5   0.5 173.9   1.1 85.1   0.1 105.4   0.7 79.6 79.6 

5.0 -473.7   0.4 157.0   21.0 130.3   20.3 80.2   1.5 102.8   2.2 86.6 86.6 

7.5 -468.6   1.2 237.5   30.5 79.8   13.1 71.4   2.9 101.4   0.1 91.1 91.1 

10.0 -470.2   0.0 289.0   0.0 63.8   0.0 70.1   0.0 102.8   0.0 91.7 91.7 
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3.3.2. Temperature Effect 

The temperature of the system is one of the important fac-

tors in the study of corrosion inhibition for steel in aggressive 

environment. In order to determine the effect of this variable 

on the inhibitory performance of PIMP, we carried out elec-

trochemical tests at different temperatures: 10°C, 20°C, 30°C, 

40°C, 50° C and 60° C. Different PIMP concentrations were 

also investigated: 1.0mM, 2.5mM, 5.0mM, and 7.5mM. 

Figure 7 shows the effect of temperature on the Linear Sweep 

Voltammetry (LSV) curves obtained in 1M HCl medium 

containing different PIMP concentrations: 

 
Figure 7. Linear sweep voltammetry curves of C38 steel at different PIMP concentrations and temperatures. 

For all temperatures studied, the ∆Ecorr between the blank 

and each PIMP concentration remains lower than 85mV/SCE. 

The cathodic and anodic branches in the presence of different 

concentrations are lowered compared to that of 1M HCl 

(blank), this implies that PIMP remains a good mixed-type 

inhibitor. It is also noted that the desorption potential 

(-350mV/SCE) is not modified with the increase in tempera-

ture. 

The electrochemical parameters obtained according to the 

different ranges of temperature and concentration are grouped 

in Table 4. For each blank and for each PIMP concentration, it 

is observed that the increase in temperature also leads to an 

increase in corrosion current and to a decrease in polarization 

resistance. This confirms the dissolution of the metal with 

increasing the temperature. Despite this increase, the corro-

sion current decreases with rising inhibitor concentration for 

each temperature. This suggests that PIMP remains a suitable 

inhibitor. 

Figure 8 presents the evolution of the inhibitory effective-

ness as a function of temperature and concentration. The 

inhibitory efficiency (IE) increases with the concentration; 

however, with temperature, we note that IE increases when 

moving from 10°C to 30°C and decreases when moving from 

30°C to 60°C. This evolution could be explained by the fact 

that the adsorption of PIMP molecules on the C38 steel sur-

face is sensitive to heat and this adsorption becomes unstable 

as one moves away from the ambient temperature. Thus, 30°C 

is the optimal temperature for optimal inhibitory efficacy. 

 
Figure 8. Evolution of the inhibitory efficacy of PIMP as a function 

of temperature and concentration. 
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Table 4. Electrochemical parameters obtained from polarization curves of C38 steel in 1M HCl medium with addition of PIMP at different 

temperatures. 

T (°C) C (mM) Ecorr (mV/SCE) Rp (Ohm) icorr (µA.cm-2) ba (mV.dec-1) bc (mV.dec-1) IERp (%) IELSV (%) 

10 

Blank -504.8 102.0 268.1 152.9 94.1 / / 

1.0 -483.2 155.0 161.6 105.2 117.8 34.2 39.7 

2.5 -480.9 213.0 105.8 90.7 113.8 52.1 58.5 

5.0 -480.6 285.0 85.9 95.0 102.0 64.2 66.3 

7.5 -474.3 368.0 66.9 94.3 93.6 72.3 73.7 

20 

Blank -486.7 45.0 585.6 124.5 137.7 / / 

1.0 -480.8 128.0 200.6 100.7 116.1 65.1 65.7 

2.5 -474.8 183.0 142.3 88.3 119.4 75.6 75.7 

5.0 -475.2 243.0 107.3 89.7 106.9 81.6 81.7 

7.5 -477.1 317.0 81.7 84.6 102.3 85.9 86.0 

30 

Blank -494.5 23.9 1092.3 182.5 117.5 / / 

1.0 -485.3 54.0 482.6 131.7 110.1 55.7 55.8 

2.5 -473.8 117.0 223.1 93.8 113.4 79.6 79.6 

5.0 -474.1 178.0 146.6 82.8 110.0 86.6 86.6 

7.5 -467.3 268.0 97.1 75.9 109.9 91.1 91.1 

40 

Blank -468.9 19.1 1357.4 100 149.7 / / 

1.0 -468.5 36.4 716.3 99.7 132.9 47.5 47.2 

2.5 -470.0 58.4 443.3 92.8 125.1 67.3 67.3 

5.0 -469.9 70.2 372.3 88.1 123.5 72.8 72.6 

7.5 -466.0 108.0 240.9 81.2 117.8 82.3 82.3 

50 

Blank -464.2 6.4 4093.7 136.9 147.9 / / 

1.0 -471.9 10.0 2613.3 124.5 148.3 35.9 36.2 

2.5 -471.4 12.1 2155.7 119.6 141.8 47.1 47.3 

5.0 -475.8 15.5 1682.8 123.8 134.3 58.7 58.9 

7.5 -477.5 20.3 1285.5 117.5 131.1 68.5 68.6 

60 

Blank -469.3 2.4 11026.3 189.5 155.7 / / 

1.0 -475.3 2.7 9389.4 197.6 148.6 12.9 14.8 

2.5 -474.3 3.7 6974.5 186.5 146.3 35.6 36.7 

5.0 -469.8 7.0 3679.5 137.5 138.7 66.0 66.6 

7.5 -472.7 9.5 2614.6 129.5 133.2 75.1 76.3 

 

3.4. Thermodynamic Activation Parameters 

3.4.1. Activation Energy 

The Arrhenius relationship (equation 21), between the 

corrosion current and the temperature, made it possible to 

calculate the activation energies of the corrosion process of 

C38 steel immersed in 1M HCl medium at different PIMP 

concentrations (0mM, 1mM, 2.5mM, 5mM and 7.5mM): [48] 
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 n(𝑖corr) = −
𝐸a

𝑅
×
1

𝑇
+  n𝐾          (21) 

Where icorr (A.cm
-2

): corrosion current intensity; K: con-

stant (pre-exponential factor), Ea (kJ.mol
-1

): activation energy; 

R = 8.314 J.mol
-1

.K
-1

: perfect gas constant and T (Kelvin): 

temperature. 

Activation energy values are obtained using the slopes of 

the lines. The graphical representations of ln(icorr) as a func-

tion of (1/T) in the absence and in the presence of PIMP at 

different concentrations are presented in Figure 9: 

 
Figure 9. Arrhenius straight lines obtained from corrosion current 

density of C38 steel and with different PIMP concentrations to obtain 

Ea. 

The values of the activation energy without and in the 

presence of the inhibitor are grouped together in Table 5. 

The literature specifies that the inhibitors whose activation 

energy is greater than that without the inhibitor 𝐸 
    𝐸  

adsorb on the substrate (C38 steel) by electrostatic bonds 

(physisorption) and the inhibitors of which 𝐸 
    𝐸  are 

adsorbed on the surface of the metal via strong bonds 

(chemisorption). [45, 49] In our case, the values of 𝐸 
    are 

all higher than those in the absence of the inhibitor: the 

PIMP molecules are therefore physiosorbed on the C38 steel 

surface. This can be correlated to the evolution of inhibition 

efficacy as seen in Figure 8. 

3.4.2. Standard Enthalpy of Activation and Standard 

Entropy of Activation 

An alternative formula (equation 22) of the Arrhenius 

equation is used to determine the standard enthalpy of acti-

vation and the standard entropy of activation: [46] 

 n (
𝑖corr

𝑇
) = −

 𝐻a
°

𝑅
×
1

𝑇
+  n (

𝑅

𝑁.ℎ
) +

 𝑆a
°

𝑅
          (22) 

Where: h= 6.63.10-34 Js: Planck's constant; N= 6.022.1023 

mol
-1

: Avogadro's number; R = 8.314 J.mol
-1

. K
-1

: perfect gas 

constant; ∆Ha° (kJ.mol
-1

): standard enthalpy of activation; 

∆Sa° (J.mol
-1

.K
-1

): Standard entropy of activation. 

The slopes of the straight lines are used to find the values of 

the standard enthalpy of activation and the intercept permits to 

calculate the standard entropy of activation. The variations of 

 n( 𝑖corr 𝑇)⁄  𝑎s a function of (1/T), at different PIMP con-

centrations are illustrated in figure 10: 

 
Figure 10. Arrhenius straight lines obtained from corrosion current 

density of C38 steel at different concentrations of PIMP for obtain 

∆Ha° and ∆Sa°. 

The exploitation of all these straight-line equations made it 

possible to find the values of ∆Ha°; and ∆Sa° recorded in 

Table 5: 

Table 5. Activation parameters obtained in 1M HCl medium in the absence and in the presence of different concentrations of PIMP for C38 

steel. 

C (mM) Ea (kJ.mol-1)  𝑯𝐚
°  (kJ.mol-1)  𝑺𝐚

°  (J.mol-1.K-1) 

Blank 55.46 52.91 -12.3 

1.0 64.22 61.67 11.05 

2.5 64.97 62.42 10.28 

5.0 61.52 58.97 -3.74 

7.5 61.04 58.49 -8.22 
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The positive values of ∆Ha° reflect the endothermic nature 

of the C38 steel dissolution and inhibition process. This has 

also been reported to be indicative of retarded dissolution of 

metals in inhibitor-containing solution [6]. Negative signs of 

∆Sa° in the absence and presence of 5.0mM and 7.5 mM of 

PIMP means that the activated molecules were in a lower 

order state compared to the initial step [45]. For 1.0mM and 

2.5mM, the standard entropy of activation ∆Sa° is positive; 

this implies that the activated molecules were in a higher order 

state compared to the initial step. The values of the standard 

entropy of activation ∆Sa° in the presence of different PIMP 

concentrations are higher than in the absence of inhibitor, thus 

there is an increase in the disorder during the adsorption 

process [49]. However, for different concentrations of inhib-

itor, a decrease in the standard entropy of activation is ob-

served when the PIMP concentration increases. This indicates 

a reduction in disorder, implying a higher stability of the 

protective layer on the C38 steel surface and the formation of 

the Fe-PIMP complex [2]. 

Additional information regarding the corrosion inhibition 

mechanism of steel can be obtained by studying the adsorp-

tion parameters. 

3.5. Adsorption Isotherm Model 

In order to have more ample information concerning the 

mode of interaction between the inhibitor and the metal sur-

face, adsorption isotherm models were studied. Among the 

models of adsorption isotherms, Langmuir model isotherm 

was found to be in agreement with our results. 

In this model, the relationship between the fraction of 

covered sites on the steel surface (θ) and the concentration of 

the inhibitor (Cinh) is given by equation 23: [50] 

𝐶inh

𝜃
=

1

𝐾abs
+ 𝐶                (23) 

With Kabs: Equilibrium constant of the adsorption process. 

The variations of the Cinh/θ (mM) ratio as a function of the 

concentration of extract for each temperature are presented in 

Figure 11: 

 
Figure 11. Langmuir isotherm model for C38 steel in 1M HCl 

solution in the presence of PIMP at different temperatures. 

The validity of the Langmuir equation is confirmed by the 

linearity of Cinh/θ (mM) as a function of the concentration of 

the inhibitor with a correlation coefficient close to unity. In 

relation to the R2 values, the adsorption of PIMP on the C38 

steel surface in 1M HCl solution obeys the Langmuir isotherm. 

The inhibition is surely due to the formation of a single layer 

on the metal surface, limiting the access of the electrolyte to 

the surface of C38 steel. 

The Gibbs standard adsorption energy (∆Gads°) and the 

equilibrium constant of the adsorption process (Kads) are 

linked by equation 24: [6] 

 𝐺 ds
° = −𝑅𝑇  n(55 5 × 𝐾 ds)        (24) 

Where R is the ideal gas constant, T is the temperature, and 

55.5 is the concentration of water in solution (mol/L). 

The standard adsorption enthalpy (∆Hads°) and the standard 

adsorption entropy (∆Sads°) were calculated using equation 25: 

[51] 

∆Gads°=∆Hads°-T∆Sads°        (25) 

Where ∆Hads° and ∆Sads° are, respectively, the intercept and 

the negative slope of the plot of ∆Gads° as a function of T. 

Table 6. Thermodynamic parameters of adsorption of PIMP on C38 steel at different temperatures. 

T (°C) R2 Kads (M-1)  𝑮𝐚𝐝𝐬
°  (kJ.mol-1)  𝑯𝐚𝐝𝐬

°  (kJ.mol-1)  𝑺𝐚𝐝𝐬
°  (J.mol-1K-1) 

10 0.9979 714.29 -41.19 

-27.2 57.4 

20 0.9992 2000.00 -45.15 

30 0.9994 1428.57 -45.84 

40 0.9947 909.09 -46.18 

50 0.9885 526.32 -46.18 

60 0.8552 172.41 -44.52 
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Table 6 displays the values of thermodynamic parameters 

of adsorption. A negative ∆Gads° implies a spontaneous 

adsorption process. [11] A positive ∆Sads° shows that the 

entropy of the solvent (H2O) prevails over the entropy of the 

solute (PIMP). [10] A negative ∆Hads° implies that the ad-

sorption process is exothermic. However, the adsorption 

mode of corrosion inhibitors is often determined by criteria 

based on the standard free energy of adsorption, with values 

greater than 20 kJ/mol attributed to physisorption and values 

smaller than 40 kJ/mol attributed to chemisorption [52-54] 

According to (Anton Kokalj, 2022), [55] Several arguments 

are presented here to show that these are not very reliable 

criteria to distinguish between physisorption and chemisorp-

tion. This can be done through computational modeling 

studies. [55] 

3.6. FESEM /EDX Analysis 

The Field Emission Scanning Electron Microscopy 

(FESEM) and Energy Dispersive X-ray (EDX) mapping 

obtained from the C38 steel samples after 5 hours in 1M HCl 

solution, in the absence and in the presence of 5mM PIMP are 

presented in figure 12. In the absence of inhibitor, Figure 12 

(a), a strong degradation of the steel surface is observed with 

the formation of non-uniformly distributed oxide layer. This 

is probably related to the oxidation of iron in the presence of 

chloride ions. [56] Of fact, it is known that the presence of 

aggressive anions such as chloride ions leads to the remove of 

the passive oxide layer present on the metal surface. The 

degradation of the metal is more important compared to the 

rest of the steel surface. Elementary EDX mapping of the steel 

surface obtained under the same conditions highlights the 

presence of a formed oxide layer, likely attributable to the 

uniformly distribution of oxygen on the surface. We also note 

a weak coloration on the elemental mapping of chlorine, proof 

of the significant presence of chloride ions on the C38 steel 

surface. Figure 12 (b) shows the surface condition of C38 

steel in the presence of 5mM PIMP. Compared with Figure 12 

(a), there is a surface uniformity due to the adsorption of 

PIMP molecules on the steel surface [57], Contrary to the first 

analyzed case, we observed a strong uniform coloration of 

oxygen and chlorine on the surface of the steel. This state is 

probably due to the uniform adsorption of PIMP molecules 

containing oxygen atoms leading to a complex with Fe(II) and 

Cl
- 
ions [36]. 

 
Figure 12. FESEM/EDX mapping of the C38 steel surface in 1M HCl solution without inhibitor (a), and in the presence of 5mM PIMP (b). 

3.7. Quantum Chemical Calculation 

3.7.1. Frontier Molecular Orbitals (FMO) and  

Mulliken Atomic Charge (MAC) 

The geometry of PIMP inhibitor and its protonated form 

were optimized at the Becke-3-parameter Lee–Yang–Parr 

(B3LYP) level with the 6-31G (d, p) basis in the gaseous 

phase. It should be mentioned that the protonated form of the 

inhibitor corresponds to the system in which the nitrogen 

atom is tetravalent as seen in Figure 13. With the optimized 

geometry, visual observation of the optimized molecule 

configuration shows that this molecule is almost flat. This 

allows us to predict that PIMP has an almost planar or parallel 

layout on the surface of the C38 steel. The frontier molecule 

0 1 2 3 4 5 6 7 8 9

0

5000

10000

15000

20000

25000

30000

35000

40000

c
o
u
n
ts

 (
c
p
s
) 

e
V

Energy (keV)

 

 

0 1 2 3 4 5 6 7 8 9

0

2500

5000

7500

10000

12500

15000

17500

20000

c
o
u
n
ts

 (
c
p
s
) 

e
V

Energy (keV)

 

 

a b

(a) (b)Fe O Cl Fe O Cl

Fe-Kα

Fe-KβFe-Kβ

Fe-Kα

Cl-Kα Cl-Kα

Fe-Lα

O-Kα

C-Kα

Fe-Lα

C-Kα

O-Kα

http://www.sciencepg.com/journal/mc


Modern Chemistry http://www.sciencepg.com/journal/mc 

 

20 

orbitals (highest occupied and lowest unoccupied molecular 

orbitals (HOMO and LUMO)) were directly obtained. The 

molecular electrostatic potential maps and the Mulliken 

charge distribution were also straight forwarded obtained 

from the geometrical structure and shown in Figure 14. In-

spection of Figure 13 indicates that the electronic density of 

HOMO and LUMO is distributed over the whole skeleton of 

PIMP and its protonated form. Moreover, the energy gap 

value of PIMP is greater than its protonated form (PIMPH
+
), 

implying that the neutral form would have the greatest elec-

tron density. This shows that this compound possesses several 

active sites distributed along the molecular structure, allowing 

electrons to be donated to vacant orbitals of the Fe-surface or 

a back-donation interaction between the inhibitor and the 

Fe-surface and leading to increased adsorption efficiency of 

the tested inhibitor. 

 
Figure 13. Optimized structure (upper), HOMO (red) and LUMO 

(blue) energy levels, and the number (black) on the arrows (green) is 

its energy gap of the investigated inhibitor (PIMP) and its protonated 

form, and the 3D distributions of HOMO (middle) and LUMO (lower) 

orbitals of the neutral form and the protonated form of PIMP inhib-

itor. The results were obtained at the B3LYP/6-31G(d,p) level in the 

gaseous phase. 

These results are also confirmed when the distribution of 

the total density mapped to the electrostatic potential (MEP) 

as represented in Figure 14. The gradual decreasing in the 

electron density is indicated by the ranged colors (from red to 

blue). Additionally, the Mulliken atomic charge distributions 

on C, H, O, and N atoms in the investigated inhibitor are also 

shown in Figure 14, together with their grade color. Visual 

examination of this figure reveals that protonation can alter 

the electron density repartition. As can be seen in Figure 14, O 

and N atoms in both forms (neutral and protonated) have the 

highest negative charge, as well as aromatic ring carbon atoms, 

confirming their tendency to donate electrons. The results 

show that the protonated form has de highest negative charge. 

These results indicate that Schiff bases are excellent corrosion 

inhibitors in acidic environments, compared to neutral or 

alkaline chloride media. 

 
Figure 14. (Upper)Electrostatic potential maps and (Lower) the 

Mulliken atomic charge distribution of the studied inhibitor molecule 

(PIMP) in its neutral form and protonated form at the 

B3LYP/6-31G(d,p) level in gaseous phase. 

3.7.2. Global Reactivity Descriptor 

Global quantum parameters estimated based on the EHOMO 

and ELUMO values of the optimized structure are calculated 

four times and the mean values with standard deviation are 

listed in Table 7. These descriptors are used to explain the 

basic properties of PIMP inhibitors and to demonstrate the 

interaction with the metal surface. 
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Table 7. Calculated Quantum descriptors of the PIMP inhibitor in its neutral (PIMP) and protonated (PIMPH+) form at the B3LYP/6-31G(dp) 

level in gaseous phase. 

Quantum descriptors 

Neutral form Protonated form 

Average Values Standard deviation Average Values Standard deviation 

μ (D) 1.3910 0.0024 1.9710 0.0001 

EHOMO (eV) -5.6719 0.0003 -9.8725 0.0003 

ELUMO (eV) -1.3761 0.0032 -6.3950 0.0002 

∆Egap (eV) 4.2957 0.0031 3.4775 0.0005 

η (eV) 2.1479 0.0016 1.7387 0.0003 

σ (eV-1) 0.4656 0.0003 0.5751 0.0001 

χ (eV) 3.5240 0.0016 8.1338 0.0001 

ω (eV) 0.4506 0.0015 1.1171 0.0002 

∆N 3.7330 0.0044 -0.9857 0.0002 

 

The corrosion inhibiting performance of a compound de-

pends on its structure, the type of metal, and the nature of the 

aggressive medium. The choice to use PIMP molecules as a 

corrosion inhibitor is justified by the fact that it has in its 

structure a conjugated system of π bonding to the benzene 

nucleus, heteroatoms (O and N), all capable of repelling the 

molecules of water adsorbed on the surface of the electrode. 

[58] A high value of EHOMO of an inhibitor molecule implies 

its facility to donate electrons to the empty or unoccupied 

orbitals of the metal. On the other hand, if ELUMO is low, the 

molecule easily captures the electrons of the metal. Therefore, 

a low value of ∆E implies a better inhibitory efficacy. [59] 

The dipole moment (μ) can also be used to assess the adsorp-

tion capacity of the inhibitor. Some results show that a larger 

μ is responsible for a greater inhibition efficiency. [60] As 

expected, an inspection of Table 7 indicates that ∆E (PIMPH
+
) 

< ∆E (PIMP) and μ (PIMP) < μ (PIMPH
+
) imply that the 

protonated form has a better inhibition compared to its neutral 

form, as view in FMO and MAC section. Figure 14 shows that 

PIMP can interact with the iron surface via a donor-acceptor 

adsorption model of its different groups. Indeed, the hydroxyl 

group and azomethine have free electron pairs which can 

lodge in the empty ''d'' orbitals of the metal. The π* orbitals of 

the benzene nucleus accept electrons from the iron ''3d'' or-

bitals during feedback donation. 

ΔN can be used to evaluate the fraction of electrons trans-

ferred from the inhibitor molecule to the surface of C38 steel. 

It is obtained using equation 26: [61] 

 𝑁 = 𝜒Fe − 𝜒   (PIMP)/[2(𝜂Fe + 𝜂   (PIMP))]    (26) 

Where: 𝜒   (PIMP) is the electronegativity and 𝜂   (PIMP) is 

the hardness of the PIMP molecule, obtained using equations 

27 and 28: [62] 

𝜒 = (𝐼 + 𝐸)/2                (27) 

𝜂 = (𝐼 − 𝐸)/2               (28) 

The ionization potential (I), electron affinity (E), overall 

softness ( ) and electrophilic character (ω) of the molecule 

are calculated using equations 29-32: [46] 

𝐼 = −𝐸HOMO               (29) 

𝐸 = −𝐸LUMO              (30) 

 = 1/𝜂                 (31) 

 = 𝜇 /2𝜂               (32) 

Where 𝜒Fe =   𝑒 .𝑚𝑜𝑙
−1 , and 𝜂Fe = 0 𝑒 .𝑚𝑜𝑙

−1 𝑓 or 

iron. 

Moreover, ΔN > 0, the electrons transferred from the in-

hibitor to the metal are predominant. ΔN < 0, the electrons 

will rather be transferred from the metal surface to the inhib-

itor. [63] ΔN (PIMPH
+
) = -0.9857, shows that the electron 

transfer occurs mainly from the steel surface to the inhibitor 

molecule. 

The Hard and Soft Acid-Base theory suggested by Pearson 

states that a hard acid reacts preferentially with a hard base, 

while a soft acid prefers to interact with a soft base. This 

theory could be applied to choose appropriate inhibitors and 

to assess the effectiveness of inhibitors. [64] Fe(II), is con-

sidered as a soft acid, and therefore prefers to interact with 

soft bases which easily give up their electron pairs to the metal. 

Consequently, an effective inhibitor should have a high soft-
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ness   (inhibitor ability to give up its electrons) and a low 

hardness 𝜂 (inhibitor ability to retain its electrons). Looking 

at the values in Table 7, the protonated form of PIMP is a 

good corrosion inhibitor and has a strong interaction with the 

metal surface. The calculated electronegativity (𝜒) and elec-

trophilicity ( ) values of the PIMP molecule showed a strong 

ability to transfer electrons from PIMP to the metal surface. 

[65] 

3.7.3. Fukui Function and the Local Dual Reactivity 

Indices 

The numbering of atoms is given in Figure 15. 

 
Figure 15. Optimized PIMPH+ structure showing labels and sym-

bols. 

For the PIMP (neutral form), the highest nucleophilic at-

tack sites (𝑓 
+) are C6 and C5, while the highest electrophilic 

attack sites (𝑓 
−) are C13 and C14. 

The estimated values of the dual descriptors, which are 

shown in Table SI2 of the supplementary information sum-

mary, allow us to instantly find the preferable sites for nu-

cleophilic attacks (𝑓 
      𝑎𝑛𝑑     > 0) and the preferable 

sites for electrophilic attacks (𝑓 
      𝑎𝑛𝑑     < 0) over the 

system at point k. [66, 67] 

Figure 16 shows the dual descriptors: 𝑓 
      𝑎𝑛𝑑     of 

the neutral form of PIMP compound. As shown by the con-

densed Fukui functions and the local softness and philicity, 

the neutral form of PIMP has only four most active sites 

which are only a few carbon atoms from the aromatic rings. 

According to Figure 16, one concludes that the most active 

sites that can react with the iron surface in the PIMP com-

pound by donating electrons, are some carbon atoms (C5 and 

C6) of the benzaldehyde ring. 

Whereas, the carbon atoms of the aniline ring are the site to 

accept electrons from Fe surface to form back-bonding in-

teraction. Figure 17 shows the dual descriptors: 

𝑓 
      𝑎𝑛𝑑     of the protonated form of PIMP compound. 

According to this figure, protonation changes the active sites 

of PIMP, compared to the neutral form. These changes could 

be attributed to electron shifts by the mesomeric effect. Ac-

cording to these descriptors, one concludes that the only site 

that can react with the iron surface in the protonated form of 

PIMP by donating electrons is the carbon atom (C6) of the 

benzaldehyde ring. The back-bonding interaction is assumed 

by the carbon atom (C3) of the benzaldehyde ring. These 

results are in agreement with those obtained by HOMO, 

LUMO, and ESP maps. 

 
Figure 16. The condensed local dual descriptors 

(𝑓𝑘
    𝑘  𝑎𝑛𝑑   𝑘), based on Fukui Functions of PIMP inhibitor in 

its neutral form as obtained using DFT/B3LYP/6-311G(d,p) method. 

 
Figure 17. The condensed local dual descriptors 

(𝑓𝑘
    𝑘  𝑎𝑛𝑑   𝑘), based on Fukui Functions of PIMP inhibitor in 

its protonated form as obtained using DFT/B3LYP/6-311G(d,p) 

method. 

3.7.4. Proposed Mechanism of Inhibition 

The literature shows that most organic molecules develop 

their resistance to inhibit the corrosion process by adsorption 

on the metal substrate in a corrosive environment. [15], In our 

recent research, we use all experimental and theoretical results 

in order to propose an adsorption mechanism of PIMP on the 

C38 steel surface in the 1 M HCl medium (Scheme 3). The 

DFT theoretical approach shows that there is only one pro-

tonation which happens at the nitrogen atom. This site can be 

positively charged in 1 M HCl in the “ammonium” form 
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(PIMPH+). This charged atom can interact with the chloride 

anions adsorbed on the mild steel surface by the phenomenon 

of electrostatic nature (physisorption). In addition, the ther-

modynamic parameters allowed us to say that the two aro-

matic rings can stabilize this electrostatic effect through 

chemisorption of the electrons of the benzene ring. [15, 68] 

The chemical adsorption that produces by coordination bonds, 

it originates directly from the donor–acceptor interactions 

between the nucleophilic sites of the compound (such as the 

free electron pair of the oxygen atom and the electrons of 

double bonds), and the vacant d-orbitals of the iron. [69] 

Finally, the electrons of the iron’s d-orbital can be passed to 

the vacant π*-orbit (antiliant) of the Schiff base studied 

(Back-donation). [15, 69]. 

Based on this treatment, the adsorption process of the in-

vestigated molecule on the surface of the C38 steel can be 

represented by the following Scheme 3: 

 
Scheme 3. Adsorption process of the investigated molecules on the 

C38 steel surface. 

4. Conclusions 

From the results obtained in this study, dealing with PIMP 

effect on C38 steel corrosion in 1 M HCl medium, several 

conclusions can be drawn: 

Characterization techniques (FTIR, MS, 1H NMR,…) 

confirm that PIMP was successfully synthetized, 

EIS measurement results highlight the improvement of the 

inhibitive efficiency with increasing PIMP concentration, 

which reaches its maximum value of 88.1% at 10 mM. We 

note that 7.5 mM is considered as the optimal concentration, 

Potentiondynamic polarization demonstrates that this 

compound acts as mixed-type inhibitor, 

The adsorption of this compound follows the Langmuir 

adsorption isotherm, 

FESEM/EDX observations have confirmed the inhibitor 

adsorption process and reduction in the surface damage of 

C38 steel due to corrosion. PIMP prevents C38 steel corro-

sion by the formation of a very protective film, 

Regarding the effect of temperature, we note that the inhibi-

tory efficacy of PIMP inhibitors varies with temperature, con-

firming desorption of PIMP from the C38 steel surface. We note 

that 30°C is considered as the optimal temperature. 

The local reactivity and distribution of the electronic den-

sity of HOMO/LUMO shows that the molecules analyzed 

contain highly reactive centers distributed throughout the 

molecular structure which are the cause of their inhibitory 

properties. Protonated form of PIMP has a better inhibition 

efficiency than its neutral form. 
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