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Abstract 

 

Quantum chemical calculations using the density functional theory (DFT) have been applied to the 
five kinds of polydentate Schiff base compounds (PSCs), act as inhibitors for iron in aerated 2.0 M 
HNO3 and 2.0 M NaOH media. The structural parameters, such as the frontier molecular orbital energy 
HOMO (highest occupied molecular orbital), LUMO (lowest unoccupied molecular orbital), energy gap 
∆E (ELUMO - EHOMO), the charge distribution, the absolute electronegativity (χ), the fraction of electrons 
transfer (∆N) from inhibitors to iron, the dipole moment (µ), the global hardness (η) and the total 
energy (Etotal) were also calculated and correlated with their inhibition efficiencies (%IE). The inhibition 
effects of (PSCs) may be explained in terms of electronic properties. The results showed that the 
(%IE) of PSCs increased with the increase in EHOMO and decrease in ELUMO - EHOMO. The inhibitor 
molecules were first adsorbed on the iron surface and blocking the reaction sites available for 
corrosive attack; and the areas containing N and O atoms are most possible sites for bonding by 
donating electrons to the iron surface through interaction with π-electrons of the aromatic rings, and 
the azo methine group.  Also, the adsorbed Schiff base molecules interact with iron ions in the 
corrosive media leading to neutral and cationic iron-Schiff base complexes. Adsorption process is 
spontaneous, exothermic and obeyed Temkin isotherm and regarded as physical as chemical 
mechanism. The polarization studied indicated that the inhibitors act as a mixed type inhibitor in 
HNO3; cause only inhibition of the cathode process in NaOH, and the magnitude of the displacement 
of the Tafel plot is proportional to its concentration. Models for the inhibition corrosion behaviour 
were developed based upon statistical analyses of the experimental data. Some thermodynamic and 
kinetic parameters (Kads, ∆Gads) were estimated. Both experimental and quantum theoretical 
calculations are in excellent agreement. The inhibition efficiency increase in the order of: PSC_1 > 
PSC_2 > PSC_3 > PSC_4>PSC_5. Thus, DFT study gave further insight into the mechanism of 
inhibition action of PSCs. This research might provide a theoretical inhibition performance evaluation 
approach for homologous inhibitors. 
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INTRODUCTION 
 
The majority of the well-known inhibitors[1-9] for metal corrosion protection are organic compounds containing 
electronegative atoms  [10-18] (such as, N, S, P, O, etc.), the unsaturated bonds (such as, double bonds or triple bonds, 
etc.) and the plane conjugated systems including all kinds of aromatic cycles [19–29] which allow an adsorption[30-33] 
on the metal surface [34-42]. It has been observed that the adsorption of these inhibitors depends on the physico-
chemical properties of the functional groups and the electron density at the donor atom. The adsorption occurs due to 
the interaction of the lone pair and/ or π-orbital's of inhibitor with d-orbital‘s of the metal surface atoms, which evokes a 
greater adsorption of the inhibitor molecules onto the surface, leading to the formation of a corrosion protection film [43–
45]. Furthermore, adsorption is also influenced by the structure and the charge of metal surface, and the type of testing 
electrolyte [46]. The choice of effective inhibitors is based on their mechanism of action and electron-donating ability. 
The significant criteria involved in this selection are molecular structure, electron density on the donor atoms, solubility 
and dispensability [47–50]. Schiff base, an organic compound having general formula R–C=N–R' where R and R' are 
aryl, alkyl or cycloalkyl or heterocyclic groups formed by the condensation of an amine and a carbonyl group, is a 
potential inhibitor. The greatest advantage of many Schiff base compounds is that they can be conveniently and easily 
synthesized from relatively cheap material. Schiff base compounds due to the presence of the –C=N– group, 
electronegative nitrogen, sulfur and/or oxygen atoms in the molecule, have been reported to be effective inhibitors for 
the corrosion of iron and steel in acidic and alkaline media by several authors [51–71].The presence of –C=N– group in 
Schiff base molecules enhances their adsorption ability and corrosion inhibition efficiency [21, 72]. In addition, the 
planarity (π) and lone pair of electrons present on the N atoms are the important structural features that determine the 
adsorption of these molecules to the metal surface [73]. Adsorption of inhibitors on the metal surface involves formation 
of two types of interaction (physical adsorption and chemical adsorption). Physical adsorption requires the presence of 
both electrically charged surface of the metal and charged species in the bulk solution. The second one, chemisorptions 
process involves charge sharing or charge transfer from the inhibitor molecules to the metal surface to form a co-
ordinate type bond and takes place in the presence of heteroatom‘s (P, N, S, O, etc.) with lone pairs of electrons and/or 
aromatic ring in the molecular structure [46,68,74-85]. In any case, adsorption is general over the metal surface and the 
resulting adsorption layer function as a barrier, isolating the metal from the corrosion [16]. The inhibition efficiency has 
found to be closely related to inhibitor adsorption abilities and molecular properties for different kinds of organic 
compounds [86–88]. The efficiency of an inhibitor does not only depend on its structure, but also on the characteristics 
of the environment in which it acts; the nature of the metal and other experimental conditions. Under certain conditions, 
the electronic structure of the organic inhibitors has a key influence on the corrosion inhibition efficiency to the metal. 
The choice of effective inhibitors has been mostly done by using the empirical knowledge based on their 
macroscopically physicochemical properties, mechanism of action and electron donating ability [89,90].The most 
significant criteria involved in the selection of an inhibitor are its hydrophobicity, molecular structure, electron density at 
their donor atoms, solubility and dispersibility. Theoretical chemistry has been used recently to explain the mechanism of 
corrosion inhibition, such as quantum chemical calculations [88, 90–93]. Quantum chemical calculations have been 
proved to be a very powerful tool for studying the mechanism [94–96]. The development of semi-empirical quantum 
chemical calculations emphasizes the scientific approaches involved in the selection of inhibitors by correlating the 
experimental data with quantum–chemical properties. The highest occupied molecular orbital (HOMO), lowest 
unoccupied molecular orbital (LUMO), charges on reactive centre, dipole moment (µ) and conformations of molecules 
have been used to achieve the appropriate correlations [95, 97–101]. In continuation of our earlier work on Schiff base 
derivatives [102], we have investigated the corrosion behaviour of iron in acidic and alkaline media (2.0 M HNO3 and 2.0 
M NaOH ) in the presence of (PSCs) using chemical and electrochemical techniques.  

The objective of this work is to present a theoretical study on electronic and molecular structures of neutral and 
cationic (diprotonated) forms of (PSCs) and to determine relationship between molecular structure of the compounds 
and inhibition efficiency. The structural parameters, such as the frontier molecular orbital energy HOMO , LUMO, the 
charge distribution of the studied inhibitors, the absolute electronegativity (χ) values, dipole moment (µ) , total energy 
(Etotal), hardness(η) and the fraction of electrons(∆N) transfer from inhibitors to iron were calculated and correlated with 
inhibition efficiencies (% IE).  
 

 

EXPERIMENTAL METHOD 
 
Synthesize of Schiff bases 
 
The used Schiff base compounds were synthesized from 1:1 mol ratios of amine with the optimum salicylaldehyde 
and/or benzyaldehyde through a condensation reaction in ethanoic media in a reflux condenser for 4hrs. The solution  
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was further concentrated, cooled in ice bath and the compound formed. The products were recrystallized twice from 
ethanol, washed by water and dried under vacuum to afford pale yellow crystals [102,103]. The   molecular structure of 
the synthesized Schiff base was determined by chemical analyses for the atoms, IR, UV-Visible spectroscopic 
investigation; and mass spectroscopy techniques and is given in Figure 1.  The corrosion tests were performed in 
aerated 2.0 M HNO3 and 2.0 M NaOH solutions in with and without various (PSCs) concentrations. The Schiff bases 
containing nitrogen and oxygen as hetero atom; Schiff base 1 = 4-(2-Hydroxy naphthylidene amino) antipyrine, Schiff 
base 2 = 4-(2 Hydroxybenzylidene amino) antipyrine, Schiff base 3 = 3-(2-Hydroxynaphthylideneamino)-1,2,4-triazole, 
Schiff base 4 =3-(2-Hydroxybenzylideneamino)-1,2,4-triazole, Schiff base 5 = 3-(4-Hydroxy benzylidene amino)-1,2,4-
triazole   ; were  synthesized and characterized by 1H NMR, IR spectroscopy and element analysis before use 
[104,105]. For each experiment, a freshly prepared solution was used. The test solutions were opened to the 
atmosphere, and the temperature was controlled thermostatically at 303 K. 
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    Figure 1. Structural formulae of polydentate Schiff base compound (PSCs) 

 
 
Electrodes and electrolytes 
 
The corrosion tests were performed on a freshly prepared sheet of iron specimen with a chemical composition (in wt. 
%):  (0.16% C, 0.05% Si, 0.37% Mn, 0.015% S) and Fe balance. The test specimens used in the weight loss experiment 
were mechanically cut into 2.0 cm x 2.0 cm x 0.1cm sizes, then abraded with SiC abrasive papers 320, 400 and 600 grit, 
respectively, washed in absolute ethanol and acetone, dried in room temperature and stored in a moisture free 
desiccators before their use in corrosion studies [31,32]. For the weight loss measurements, a 2mm diameter small hole 
was drilled near the upper edge of the specimen to accommodate a suspension hook. For electrochemical study, 
specimens was soldered with Cu-wire for electrical connection and mounted into the epoxy resin to offer only one active 
flat surface exposed to the corrosive environment. Before each experiment, the electrode was first mechanically 
abraded with a sequence of emery papers of different grades (400, 800, 1000 and 1200), followed by washing with 
double distilled water and finally degreased with acetone and dried at room temperature. The corrosive solutions (2.0 M 
HNO3 and 2.0 M NaOH) were prepared by dilution of analar analytical grade with double distilled water without further 
purification. The concentration range of employed inhibitors was 5.0 x 10

-7
 to 1.0 x 10

-4
 M in acidic and alkaline media. 

 
Measurements 
 
Three experimental methods weight loss, thermometric and electrochemical polarization curves were applied in my 
previous work [102] and the practical corrosion inhibition efficiencies (% IE) of the investigated Schiff bases (PSCs) were 
determined. 
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Gravimetric measurements 
 
The gravimetric method (weight loss) is probably the most widely used method of inhibition assessment [106–109].The 
simplicity and reliability of the measurement offered by the weight loss method is such that the technique forms the 
baseline method of measurement in many corrosion monitoring programmed [110].Weight loss measurements were 
conducted under total immersion using 250 mL capacity beakers containing 100 mL test solution at 303K maintained in 
a thermostatic water bath. The iron coupons were weighed and suspended in the beaker with the help of rod and hook. 
The coupons were retrieved at 0.5 h interval progressively for 6 h, washed thoroughly in 20% 

NaOH solution containing 200 g/l of zinc dust [45] with bristle brush, rinsed severally in deionized water, cleaned, dried 
in acetone, and re-weighed. The weight loss, in grams, was taken as the difference in the weight of the iron coupons 
before and after immersion in different test solutions. In order to get good reproducibility, experiments were carried out in 
triplicate. In this present study, the standard deviation values among parallel triplicate experiments were found to be 
smaller than 5%, indicating good reproducibility. The corrosion rate (W) was calculated from the following equation 
[54,111,112]: 
 
W = m1 – m2                                                              (1) 
            S.t 
Where m1 is the mass of the iron coupon before immersion in (mg), m2 the mass of the iron coupon after immersion in 
(mg), S is the total area of the iron coupon (cm

2
), t is the corrosion time in (h) and W is the corrosion rate in (mg cm

-2
 h

-1
). 

With the corrosion rate, the percentage inhibition efficiency (% IE) was calculated using the following equation [113,114]: 
 
% IE = Wo – W                                                      (2) 
                 Wo 
 
Where Wo and W are the values of corrosion rates of iron in uninhibited and inhibited solutions, respectively. 
 
Spectrophotometric measurements 
 
UV–Visible absorption spectrophotometric method was carried out on the prepared iron samples after immersion in 
aerated 2.0 M HNO3 and/or 2.0 M NaOH with and without addition of concentration 10

-4 
M of: PSC_1, PSC_ 2 and PSC_ 

5 at 303 K for 3 days. All the spectra measurements were carried out using a Perkin-Elmer UV–Visible Lambda 2 
spectrophotometer. 
 
Thermometric measurements 
 
The reaction vessel used was basically the same as that described by Mylius [115]. An iron piece (1 x 10 x 0.l cm) was 
immersed in 30 cm

3
 of either 2.0 M HNO3 or 2.0 M NaOH in the absence and presence of additives, and the 

temperature of the system was followed as a function of time. The procedure for the determination of the metal 
dissolution rate by the thermometric method has been described previously [115, 116]. The reaction number (RN) is 
defined [117] as:  
 
RN = (T max –Ti)                                                                 (3) 
                   t 
where T max and Ti, are the maximum and initial temperatures, respectively, and t is the time (in minutes) required to 
reach the maximum temperature. The percent reduction in RN [118] is then given as:  
 
% reduction in RN = (RN free – RN inh) x 100                      (4) 
                                        RN free 
 
Electrochemical measurements 
 
Electrochemical experiments were carried out using a standard electrochemical three-electrode cell. Iron acts as 
working electrode (WE), saturated calomel electrode (SCE). As reference electrode and platinum was used as counter 
electrode. Polarization measurements were carried out using a (Wenking Potentioscan model POS 73). Potentials and 
currents were determined by digital multi meters. Corrosion current densities (Icorr) were determined by extrapolation of  
the anodic and cathodic Tafel lines to the free corrosion potential value (Ecorr). The inhibition efficiencies at different 
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inhibitor concentrations were calculated using the following equation: 
 
% IE = Icorr – Iinh corr     X           100                                      (5) 
                  Icorr 
 
Where Icorr and Iinh corr are the corrosion current density in the absence and presence of an inhibitor, respectively [119]. 
 
Theory and computational details 
 
DFT (density functional theory) methods were used in this study. These methods have become very popular in recent 
years because they can reach exactitude similar to other methods in less time and less expensive from the 
computational point of view. In agreement with the DFT results, energy of the fundamental state of a polyelectronic 
system can be expressed through the total electronic density, and in fact, the use of electronic density instead of wave 
function for calculating the energy constitutes the fundamental base of DFT [96]. The initial geometry optimizations and 
frequency calculations were done at the Hartree–Fock (HF) level of theory using the standard 6-31G*basis set which 
requests that a set of d function be included for each atom heavier and P function for hydrogen. The HF geometry was 
later reoptimized using density functional theory (DFT) with frequency calculation using 6-31G** basis set. The 
frequency calculation were carried out to confirm form a minimum local studied structures. The calculations were done 
using the Becke‘s Three Parameter Hybrid Method (B3) [120] employing the correlation functional of Lee, Yang and 
Parr(LYP) [121]; including both local and non-local terms. All calculations are performed by using the Gaussian 09W 
program [122]. Single point calculations were carried   for the optimized structures using B3LYP/6-311++G** level of 
theory. The natural bonding orbital's‘ (NBO) calculations [123] were performed using NBO 3.1 program as implemented 
in the Gaussian 03 package at the DFT/B3LYP/6-311G(d, p) level in order to explore the charge distribution for the 
studied compounds. 
 
 
RESULTS AND DISCUSSION 
 
Quantum chemical studies 
 
The density functional theory (DFT) is one of the most important theoretical models used in explaining the science of 
solids and chemistry. A number of chemical concepts have been correlated within the framework of DFT [124]. The most 
fundamental parameter in DFT is the electron density ρ(r) upon which all the chemical quantities are expressed [125]. 
The structural parameters calculated through the ρ(r) concept, compare well with the parameters calculated by the ᴪ 
concept [126]. Since the theory is simpler than quantum mechanics, the interest has grown in understanding the 
structure, properties, reactivity, and dynamics of atoms, molecules and clusters using DFT. In the field of reaction 
chemistry, DFT exceeds the limit of wave mechanics [127], and it is emerging as a unique approach for the study of 
reaction mechanism [128]. Thus, charge-based parameters have been widely employed as chemical reactivity indices or 
as measures of weak intermolecular interactions. Despite its usefulness, the concept of a partial atomic charge is 
somewhat arbitrary, because it depends on the method used to delimit between one atom and the next. As a 
consequence, there are many methods for estimating the partial charges. Mulliken population analysis [129,130] is 
mostly used for the calculation of the charge distribution in a molecule. These numerical quantities are easy to obtain 
and they provide at least a qualitative understanding of the structure and reactivity of molecules [131]. Furthermore, 
atomic charges are used for the description of the molecular polarity of molecules. Frontier orbital theory is useful in 
predicting adsorption centers of the inhibitor molecules responsible for the inter-action with surface metal atoms 
[95,132].Terms involving the frontier MO could provide dominative contribution, because of the inverse dependence of 
stabilization energy on orbital energy difference [132]. Moreover, the gap between the HOMO and LUMO energy levels 
of the molecules was another important factor that should be considered. Reportedly, excellent corrosion inhibitors are 
usually those organic compounds who not only offer electrons to unoccupied orbital of the metal, but also accept free 
electrons from the metal [92,132]. Recently, the density functional theory (DFT) has been used to analyze the 
characteristics of the inhibitor/surface mechanism and to describe the structural nature of the inhibitor on the corrosion 
process [133–135]. Furthermore, DFT is considered a very useful technique to probe the inhibitor/surface interaction as 
well as to analyze the experimental data. Thus in the present investigation, quantum chemical calculation using DFT 
was employed to explain, correlate, confirm  and finally support   the experimental results obtained in my previous[102] 
study, and to further give insight into the inhibition action of PSCs on the iron surface. For the purpose of determining 
the active sites of the inhibitor molecule, three influence factors: natural atomic charge, distribution of frontier orbital, and  
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Fukui indices are considered. According to classical chemical theory, all chemical interactions are by either electrostatic 
or orbital. Electrical charges in the molecule were obviously the driving force of electrostatic interactions it has been 
proven that local electron densities or charges are important in many chemical reactions and physico-chemical 
properties of compound [136]. Highest occupied molecular orbital energy (EHOMO) and lowest unoccupied molecular 
orbital energy (ELUMO) are very popular quantum chemical parameters. These orbitals, also called the frontier orbitals, 
determine the way the molecule interacts with other species. The HOMO is the orbital that could act as an electron 
donor, since it is the outermost (highest energy) orbital containing electrons. The LUMO is the orbital that could act as 
the electron acceptor, since it is the innermost (lowest energy) orbital that has room to accept electrons. According to 
the frontier molecular orbital theory, the formation of a transition state is due to an interaction between the frontier 
orbitals (HOMO and LUMO) of reactants [137]. The energy of the HOMO is directly related to the ionization potential and 
the energy of the LUMO is directly related to the electron affinity. The HOMO–LUMO gap, i.e. the difference in energy 
between the HOMO and LUMO, is an important stability index [138]. A large HOMO–LUMO gap implies high stability for 
the molecule in chemical reactions [139]. The concept of ‗‗activation hardness‖ has been also defined on the basis of the 
HOMO–LUMO energy gap. The qualitative definition of hardness is closely related to the polarizability, since a decrease 
of the energy gap usually leads to easier polarization of the molecule [140]. Table 1 presents the calculated energy 
levels of the HOMO and LUMO for the five selected compounds. The measured average inhibition efficiencies (% IE) of 
these five PSCs were also listed in the table (these data were measured in 2.0 M HNO3acid and 2.0M NaOH solutions at 
303 K [102]. According to Emregu¨l [71], when length of aminic nitrogen-containing carbon bone chain increased, the 
corrosion inhibition efficiency increased significantly. The quantum chemistry calculation in this study revealed that as 
the length increases, the HOMO energy level boosted significantly while the energy gap dropped sharply. The linear 
correlation between MO energy level and the corrosion inhibition efficiency of the PSCs (Figures 2–4) proved that the 
higher the HOMO energy of the inhibitor, the greater the trend of offering electrons to unoccupied d orbital of the metal, 
and the higher the corrosion inhibition efficiency for iron in HNO3 acid and NaOH solutions; in addition, the lower the 
LUMO energy, the easier the acceptance of electrons from metal surface, as the HOMO 

_
 LUMO energy gap decreased 

and the efficiency of inhibitor improved. The relationship between corrosion inhibition efficiency and HOMO energy 
levels for these five PSCs is plotted in Figure 2. As clearly seen in the figure, the inhibition efficiency increased with the 
EHOMO level rising. In Figure 3, inhibition efficiency is plotted against the LUMO energy, showing the inhibition efficiency 
reduced with the ELUMO level increase. The relationship between the inhibition efficiency and the energy gap (ELUMO 

_
 

EHOMO) is negative as shown in Figure 4. The total energy (Etotal), calculated by quantum chemical methods is also a 
beneficial parameter. The total energy of a system were presented in Figure 5, is composed of the internal, potential, 
and kinetic energy. Hohenberg and Kohn [141] proved that the total energy of a system including that of the many body 
effects of electrons (exchange and correlation) in the presence of static external potential (for example, the atomic 
nuclei) is a unique functional of the charge density. The minimum value of the total energy functional is the ground state 
energy of the system. The electronic charge density which yields this minimum is then the exact single particle ground 
state energy. The most widely used quantity to describe the polarity is the dipole moment (µ) of the molecule [142]. 
Dipole moment (μ) is the measure of polarity of a polar covalent bond. It is defined as the product of charge on the 
atoms and the distance between the two bonded atoms. The total dipole moment, however, reflects only the global 
polarity of a molecule. For a complete molecule the total molecular dipole moment may be approximated as the vector 
sum of individual bond dipole moments (Figure 6). Figures 7-10 show the optimized geometry, the HOMO density 
distribution, the LUMO density distribution and the Mullikan charge population analysis plots for PSCs molecules 
obtained with DFT at the B3LYP/6-311++G** level of theory. The reactive ability of the inhibitor is considered to be 
closely related to their frontier molecular orbitals, the HOMO and LUMO. The frontier molecule orbital density 
distributions of five PSCs were presented in Figures 7, 8. As seen from the figures, the populations the HOMO focused 
around the carbon chain containing aminic nitrogen. But the LUMO densities were mainly around the benzene cyclic. 
Higher HOMO energy (EHOMO) of the molecule means a higher electron-donating ability to appropriate acceptor 
molecules with low-energy empty molecular orbital and thus explains the adsorption on metallic surfaces by way of 
delocalized pairs of π-electrons. ELUMO, the energy of the lowest unoccupied molecular orbital signifies the electron 
receiving tendency of a molecule. The Mulliken charge populations of the five PSCs were also presented in Figure 9. It 
can see that the area of carbon bone chain containing aminic nitrogen, hydroxyl, and methyl, charged a large electron 
density and might form adsorption active centers.   Accordingly, the difference between ELUMO and EHOMO energy levels 
(∆E = ELUMO- EHOMO) and the dipole moment (µ) were also determined. The global hardness (η) is approximated as ∆E/2, 
and can be defined under the principle of chemical hardness and softness [143]. These parameters also provide 
information about the reactive behavior of molecules and are presented in Table 1. These theoretical parameters were 
calculated in the gas phase, aqueous phase as well as in the protonated form of PSCs. The calculated parameters in 
gas phase as well as in the presence of a solvent did not exhibit important differences. From Figures 7 and 8, it could be 
seen that PSCs have similar HOMO and LUMO distributions, which were all located on the entire PSCs moiety. This is  
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due to the presence of nitrogen and oxygen atoms together with several π-electrons on the entire molecule. Thus, 
unoccupied d-orbital of Fe atom can accept electrons from inhibitor molecule to form coordinate bond. Also the inhibitor 
molecule can accept electrons from Fe atom with its anti-bonding orbital‘s to form back-donating bond. Figure 10. 
Shows B3LYP/6-311G** selected bond length for the optimized geometry of the studied (PSCs) compounds calculated 
for PSCs. It has been reported that the more negative the atomic charges of the adsorbed centre, the more easily the 
atom donates its electron to the unoccupied orbital of the metal [143]. It is clear from Figure 10, that nitrogen and oxygen 
as well as some carbons atoms carries negative charge centers which could offer electrons to the iron surface to form a 
coordinate bond. This shows that the two N and O atoms are the probable reactive sites for the adsorption of iron. 
Higher values of EHOMO are likely to indicate a tendency of the molecule to donate electrons to appropriate acceptor 
molecules with low energy or empty electron orbital. It is evident from Table 1 that PSCs has the highest EHOMO in the 
gas and aqueous phase and a lower EHOMO in the protonated form. This means that the electron-donating ability of PSCs 
is weaker in the protonated form. This confirms the experimental results that interaction between PSCs and iron is 
electrostatic in nature (physisorption). The energy of the LUMO is directly related to the electron affinity and 
characterizes the susceptibility of the molecule towards attack by neuclophiles. The lower the values of ELUMO are, the 
stronger the electron accepting abilities of molecules. It is clear that the protonated form of PSCs exhibits the lowest 
EHOMO, making the protonated form the most likely form for the interaction of iron with PSCs molecule. Low values of the 
energy gap (∆E) will provide good inhibition efficiencies, because the excitation energy to remove an electron from the 
last occupied orbital will be low [144]. A molecule with a low energy gap is more polarizable and is generally associated 
with a high chemical reactivity, low kinetic stability and is termed soft molecule [145]. The numbers of transferred 
electrons (∆N) depending on the quantum chemical method [146,147]. 
 
Table 1. Molecular property of (PSCs) calculated with B3LYP/6-311++G** levelof Theory 

 

a
( IE)% Dipole moment 

(Debye) 
Total 

energy(a.u.) 
Hardness 

(η) 
∆Egap=(ELUMO(eV) – 

EHOMO (eV)) 
ELUMO(eV) EHOMO(eV) Inhibitor 

(PSCs) NaOH HNO3 

58.3 78.4 3.444 -1165.9688 2.041 4.082 -1.831 -5.912
 1 

55.3 76.1 6.790 -1012.2904 2.510 5.021 -1.118 -6.148 2 

54.1 75.2 7.677 -795.82109 1.886 3.772 -2.533 -6.305 3 

52.7 74.1 8.641 -642.12133 2.346 4.693 -2.062 -6.755 4 
48.2 73.1 1.909 -642.13614 2.224 4.449 -2.007 -6.457 5 

 

All the experimental tests were carried out at the inhibitor concentration of 0.1mM, from Ref. [102]. 
a
Measured by weight loss method. 

 
Table 2. Effect of 4-(2-hydroxynaphthylidene amino) antipyrine(PSC_1)concentration on the thermometric parameters for iron in 2M 
HNO3acid 
 

Conc. mol/L Ti C
o
 T max. C

o
 T min. ∆t min. Log t min. Ө R N C

o 
min

-1
 % red. in RN 

0.0 19.5 50.8 68 -- -- -- 0.460 -- 
5x10

-7
 17.8 46.8 130 62 1.792 0.515 0.223 51.6 

1x10
-6

 17.5 46.5 141 73 1.863 0.554 0.205 55.4 
5x10

-6
 17.0 45.7 155 87 1.939 0.597 0.185 59.8 

1x10
-5

 18.0 44.1 177 109 2.037 0.680 0.147 68.0 
5x10

-5
 18.0 44.0 190 122 2.086 0.702 0.136 70.3 

1x10
-4

 18.0 41.0 200 132 2.120 0.750 0.115 75.9 

 
Table 3. Comparison   between percent corrosion inhibition efficiency (% IE) of (PSC_1-5), as determined by weight - loss, thermometric and 

polarization at 1x10
-4

 M concentration at 303 K 
 

% Inhibition 

Inhibitor Weight-loss Thermometric Polarization 

HNO3 NaOH HNO3 NaOH HNO3 NaOH 
PSC_1 78.4 58.3 75.9 -- 73.8 63.2 
PSC_2 76.1 55.3 75.0 -- 72.0 58.1 
PSC_3 75.2 54.1 74.1 -- 71.1 62.3 
PSC_4 74.1 52.7 73.7 -- 69.8 56.8 
PSC_5 73.1 48.2 71.5 -- 68.6 55.3 
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Table 4. Curve fitting data to the kinetic-thermodynamic model (r =0.94) and the Temkin adsorption isotherm for 
(PSC_1-5) in 2.0 M HNO3 and 2.0 M NaOH media at 303 K 

 

Temkin adsorption isotherm Kinetic model Medium Inhibitor 

-∆G
o

 
kJ/mol 

Kads -f -∆G
o

 
kJ/mol 

Kb 1/y 

16.33 36307 23.46 37.75 1.8x10
8

 10.44 HNO3 PSC_1 
13.89 13803 31.55 16.01 3.3x10

4
 4.80 NaOH 

15.98 31622 24.16 36.81 1.2x10
8

 10.00 HNO3 PSC_2 
13.60 12302 33.30 15.11 2.2x10

4
 4.54 NaOH 

15.88 30408 24.44 35.50 7.3x10
7

 9.32 HNO3 PSC_3 
13.50 11800 33.97 14.53 1.8x10

4
 4.16 NaOH 

15.75 28575 24.82 34.67 5.3x10
7

 7.98 HNO3 PSC_4 
12.91 9332 34.47 13.01 9.7x10

3
 3.85 NaOH 

15.60 27227 25.15 34.18 4.2x10
7

 6.73 HNO3 PSC_5 
12.30 8917 37.86 12.71 8.6x10

3
 3.72 NaOH 
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Figure 2. Correlation of HOMO energy with percent inhibition 

efficiency of PSCs 
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Figure 3. Correlation of LUMO energy with percent inhibition efficiency of PSCs 
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Figure 4. Correlation of LUMO − HOMO energy gaps with percent inhibition efficiency of PSCs 
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Figure 5. Correlation of Total energy with percent inhibition efficiency of PSCs 
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Figure 6. Correlation of dipole moment with percent inhibition efficiency of PSCs 



 
 

 
Madkour and Elroby 689 

 
 

 
PSC_1 

 
PSC_2 

 
PSC_3 

  
PSC_4 

   
 

Figure 7. The highest occupied molecular orbital (HOMO) density of 

(PSCs) using DFT at the B3LYP/6-311++G** level  
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Figure 8. The lowest unoccupied molecular orbital (LUMO) density of (PSCs) 

using DFT at the B3LYP/6-311++G** level 
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Figure 9. The natural bond orbital‘s charge population of the studied PSCs compounds 
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Figure 10. B3LYP/6-311G**selected bond length for the optimized geometry of the 

studied (PSCs) compounds. Bond length in angstrom 
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Figure 11.The plot of ln Wt against t for iron corrosion in 2.0 M HNO3 with 

and without inhibitor (PSC_1) 
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Figure 12. Relation between C Inh.and C Inh./surface coverage of (PSC --1).for iron in 

HNO3 and NaOH at 303 K 
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Figure 13. Proposed structure of the complex compounds formed between PSC_1 and Fe
2+
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∆N = (χFe – χinh ) / [2(ηFe + ηinh)]                             (6)  
Where χFe and χinh denote the absolute electro negativity of iron and the inhibitor molecule, respectively; χFe and χinh 

denote the absolute hardness of iron and the inhibitor molecule, respectively. These quantities are related to electron 
affinity (A) and ionization potential (I) 

 
χ = I + A                                                                   (7) 
        2 
 
η = I – A                                                                   (8)  
         2                                                                         

 
I and A are related in turn to EHOMO and ELUMO , by the following relation [148]:I = EHOMO                 (9) 

 
A = - ELUMO                                                              (10) 
 
Values of χ and η were calculated by using the values of I and A obtained from quantum chemical calculation. Using a 

theoretical χ value of 7eV/mol and η value of 0 eV/mol for iron atom [146]. The inhibition efficiency increased with the ∆N 
increase. According to other reports [146,147], values of ∆N showed inhibition effect resulted from electrons donation. 
Agreeing with Lukovits‘s study [112], the inhibition efficiency increased with increasing electron-donating ability at the 
metal surface. In this study, the five PSCs were the donators of electrons, and the iron surface was the acceptor. The 
compounds were bound to the metal surface, and thus formed inhibition adsorption layer against corrosion. 

Recently, Parr et al. [149], have introduced an electrophilicity index (ω) defined as: 
 
ω = χ

2
                                                                         (11) 

      2η 
 
This was proposed as a measure of the electrophilic power of a molecule. The higher the value of ω, the higher the 

capacity of the molecule to accept electrons. In Eq. (6), χ is electronegativity and η is global hardness. For χ and η, their 
operational and approximate definitions are [150]: According to Koopmans‘s theorem [146], the energies of the HOMO 
and the LUMO orbital‘s of the inhibitor molecule are related to the ionization potential, I, and the electron affinity, A, 
respectively.  In order to provide a unified treatment of chemical reactivity and selectivity a new concept of philicity has 
been introduced recently by Chattaraj et al. [151]. This local philicity index is given as: 

ω
α
(r) = ωƒ

α
 (r)                                                           (12) 

or its condensed-to-atom variant for the atomic site k in a molecule is defined as: 
ωk

α
 = ωƒ

α
k                                                                  (13) 

Where α = +, -, o refer to nucleophilic, electrophilic and radical attacks, respectively. The ωk
α
 is capable of providing 

other local and global reactivity descriptors. The electrophilic or nucleophilic power is distributed over all atomic sites in a 
molecule keeping the overall philicity conserved. The atomic site with the largest ωk

+
 will be the most favorable site for 

nucleophilic attack, the highest ωk
-
 for the electrophilic attack and the highest ωk

0
 for the radical attack [151]. It is clear 

that ω is highest for the protonated form of PSCs inferring that in this form, PSCs has the highest capacity to accept 
electrons from the vacant d-orbital of iron.  According to Wang et al. [150], adsorption of inhibitor onto a metallic surface 
occurs at the part of the molecule which has the greatest softness and lowest hardness. The results  shows that PSCs in 
the protonated form has the lowest energy gap and lowest hardness; this agrees with the experimental results that 
PSCs could have better inhibitive performance on iron surface in the protonated form i.e. through electrostatic 
interaction between the cation form of PSCs and the vacant d-orbital of iron (physisorption). PSCs had the highest 
inhibition efficiency because it had the highest HOMO energy and ∆N values, and it had the greatest ability of offering 
electrons. This also agrees well with the value of ∆G

o
ads obtained experimentally [102]. The dipole moment (µ) is another 

important electronic parameter that results from non-uniform distribution of charges on the various atoms in a molecule. 
It is mainly used to study the intermolecular interactions involving the Van der Waals type dipole–dipole forces etc., 
because the larger the dipole moment as shown in Table 1, the stronger will be the intermolecular attraction [145]. The 
dipole moment of PSCs is highest in the protonated form (µ= 8.641 Debye (28.818 x 10

-30
 Cm)), which is higher than 

that of H2O (µ= 6.23 x 10
-30

 Cm). The high value of dipole moment probably increases the adsorption between chemical 
compound and metal surface [152]. Accordingly, the adsorption of PSC molecules can be regarded as a quasi-
substitution process between the PSC compound and water molecules at the electrode surface. Frontier orbital energy 
level indicates the tendency of bonding to the metal surface. Further study on formation of chelating centers in an 
inhibitor requires the information of spatial distribution of electronic density of the compound molecules [132]. The  
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structure of the molecules can affect the adsorption by influencing the electron density at the functional group. 
Generally, electrophiles attack the molecules at negative charged sites. As seen from Figure 9, the electron density 
focused on N atoms, O atoms, and C atoms in methyl. The regions of highest electron density are generally the sites to 
which electrophiles attacked. So, N, O, and C atoms were the active center, which had the strongest ability of bonding to 
the metal surface. On the other side, HOMO (Figure 7) was mainly distributed on the areas containing aminic nitrogen. 
Thus, the areas containing N atoms were probably the primary sites of the bonding. As showed in Table 1, the values of 
HOMO energy increases with increasing length of carbon bone chain containing aminic nitrogen. Similar situation can 
be also seen in Figures 9 and 10 the configuration changes led to the increase in electron density; and inhibition 
efficiency was enhanced by increase in HOMO energy and electron density. It is concluded that, the region of active 
centers transforming electrons from N atoms to iron surface. The electron configuration of iron is [Ar] 4s

2
3d

6
, the 3d 

orbitals are not fully filled with electrons. N heteroatom‘s has lonely electron pairs that is important for bonding unfilled 
3d orbitals of iron atom and determining the adsorption of the molecules on the metal surface. PSC_1 had the highest 
inhibition efficiency among the PSCs, which was resulted from the geometry change that led to HOMO energy increase 
and electron density distribution in the molecule.  

Based on the discussion above, it can be concluded that the PSCs molecules have many active centers of negative 
charge. In addition, the areas containing N and O atoms are the most possible sites of bonding metal surface by 
donating electrons to the metal iron. 
 
Chemical and electrochemical measurements 
 
Corrosion inhibition performance of PSCs as corrosion inhibitors was evaluated in details in our previous article [102] 
using chemical (weight loss and thermometric) and electrochemical techniques. For the chemical methods, a weight loss 
measurement is ideally suited for long term immersion test. Corroborative results between weight loss and other 
techniques have been reported and collected in Tables 2 and 3. The anodic dissolution of iron in acidic and/or alkaline 
media and the corresponding cathodic reaction has been reported to proceed as follows [153]: 
 
Fe → Fe

2+
        +     2e

-
                                                           (14)     

2H  
+
      +       2e

-
 →   2Hads → H2                                          (15) 

Fe + OH
-                     

↔ Fe OHads + H
+
 + e

- 
(rds)                   (16)  

Fe OHads → FeOH
+
 + e

-
                                                     (17)                                                                                           

Fe OH
+ 
+ H

+
 ↔ Fe

2+
 + H2O                                                (18)  

 
Where 'red' stands for rate-determining step. As a result of these reactions, including the high solubility of the 

corrosion products, it is evident that [102] the weight loss of iron in the different test solutions increases with time. It may 
also suggest that the iron corrosion by HNO3 and NaOH is a heterogeneous process involving several steps. Similar 
observation has been reported recently [112]. A further inspection of the plots reveal that the weight loss of iron was 
reduced in the presence of PSCs to the free acid and/or free base solutions at 303 K; an indication of inhibiting effect of 
acid and alkaline corrosion of iron. The temperature- time curves provide a mean of differentiating between weak and 
strong adsorption. The thermometric data are depicted in Table 2. It is evident that, the dissolution of iron in 2.0 M HNO3 
starts from the moment of immersion. On increasing the concentration of the inhibitor from (5 x 10

-7
 – 1 x 10

-4
 M) the 

value of Tmax decreases, whereas the time (t) required reaching Tmax increases, and both factors cause a large 
decrease in (RN) and increasing of (% red RN) of the system [117] , as shown in Table 2. This indicates that the studied 
synthesized PSCs retard the dissolution presumably by strongly adsorption onto the metal surface. The extent of 
inhibition depends on the degree of the surface coverage (θ) of the iron surface with the adsorbate. Iron, as an active 
element, always carries an air formed oxide, which specifically and very strongly adsorbs H

+
 and OH

-
 ions according to 

the equations (16 - 18), these reactions takes place along the incubation period. The heat evolved from the above 
reactions accelerates further dissolution of the oxide and activates the dissolution of the iron metal exposed to the 
aggressive medium. 
 
Kinetics of iron corrosion in HNO3 with and without PSCs 
 
The kinetics of the iron corrosion in the absence and presence of different concentrations of PSCs in 2.0 M HNO3 was 
studied at 30 

o
C by fitting the corrosion data into different rate laws. Correlation coefficients R

2
 were used to determine 

the best rate law for the corrosion process. The rate laws considered were [154]: 
Zero-order: Wt = kt                                              (19)   
First-order: ln Wt = - kt + ln Wo                             (20)  
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Second-order: 1/Wt = kt + 1/Wo                           (21)  
where Wo is the initial weight of iron, Wt is the weight loss of iron at time t and k is the rate constant. By far best result 
was obtained for first-order kinetics. The plot of lnWt against t which was linear (Fig. 11) with good correlation 
coefficients (R

2
 > 0.9) confirms first-order kinetics for the corrosion of iron in 2.0 M HNO3 in the absence and presence of 

PSC_1. The corrosion rate of iron in nitric acid medium is under anodic control [153] which is: 
 
Fe + OH

- 
  (rds) ↔ FeOHads + H

+
 + e                      (16) 

Fe OHads → Fe OH
+ 
+ e                                         (17) 

Fe OH
+
 + H

+
 ↔ Fe

2+
   + H2O                                  (18) 

Where ‗rds‘ stands for rate-determining step 
 
Figure 11 reflects the reaction order with respect to iron. This result suggests that the presence of PSC does not 
influence the anodic reaction order. The linearity of the curves in the absence and presence of PSC implies that its 
presence does not change the kinetics of the corrosion reaction though the rate might be considerably reduced. Similar 
report has been documented elsewhere [155].The half-life (t1/2) value was calculated [156] using the following 
relationship: 
 
t 1/2 = 0.693/k                                                         (22) 
 
The values of rate constant and half-life periods obtained are calculated and summarized. The value of the rate constant 
(k) was found to be higher in the case of inhibited iron samples (0.087) than uninhibited samples (0.049) whereas half-
life (t1/2) was found to be lower in the presence of inhibitor (8.0 min.) than in its absence (14.0 min.). This implies that the 
corrosion rate is higher in the absence of inhibitor than with inhibited mild iron samples. Similar results were reported on 
the kinetics of some organic compounds [30,157]. Another indication of the rate of a first-order reaction is the time 
constant, τ, [157]. The time required for the concentration of the reactant to fall to 1/e of its initial value. The calculated 
values of the time constants are also presented and correlated. The results show that the time constants were lower 
(11.58 min.) in the presence of PSC_1 than in its absence (20.26 min.). This confirms that the presence of the PSC 
inhibitor decreases the dissolution of iron. 
 
Adsorption isotherm and thermodynamic consideration 
 
The adsorption isotherm can be determined if the inhibitor effect is due mainly to the adsorption on the metal surface 
(i.e. to its blocking). The type of the adsorption isotherm can provide additional information about the properties of the 
tested PSC compounds. Several adsorption isotherms were assessed, and the Temkin adsorption isotherm was found 
to provide the best description of the adsorption behavior of the investigated inhibitors. The Temkin isotherm is given by 
the equation [158]: 
 
exp (f. θ) = k ads. C                                               (23)        

 
The plots of logarithmic concentration of PSC inhibitors (log C) vs. the surface coverage (Ө) of inhibitors gave straight 
lines. Consequently, the adsorption of Schiff bases and Schiff base-metal complexes on the surface of iron was found to 
be governed by the Temkin adsorption isotherm [159] namely:   
                   
Ө = a + ln b C                                                       (24) 
 
Where C is the concentration of the additive in the bulk of the solution, (Ө) is the degree of coverage of the iron surface 
by the adsorbed molecules, and a and b are constants. K ads are the equilibrium constant for the adsorption–desorption 
process and it derivate and tabulated in Table 4. The value of K ads was calculated as 36307 M

-1
 for PSC_1 in HNO3 acid 

at 303 K. The relatively high value of adsorption equilibrium constant reflects the high adsorption ability of PSCs on iron 
surface [160]. The standard free energy of adsorption (∆G

o
ads) is related to adsorption constant (Kads) with the following 

equation [161]: 
 
∆G

o
ads = -RT (ln 55.5 K ads)                                   (25) 

 
Where R is the universal gas constant (kJ mol

-1 
K

-1
) and T is the absolute temperature (K). The value of 55.5 is the molar 

concentration of water in solution expressed in mol L
-1

. Using the Eq. (25), the calculated values of ΔG
o
ads and Kads of  
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the synthesized PSC inhibitors were listed in Table 4. The negative values of ΔG

o
ads indicating the spontaneously 

adsorption of these molecules on the metal surface [162] and strong interactions between inhibitor molecules and the 
metal surface [163].  The ∆G

o
ads was calculated as -16.33 kJmol

-1 
for the same compound  PSC_1 in HNO3 acid. The 

value of ∆G
o
ads indicates the strong interaction between inhibitor molecules and the Fe surface. Its well known that 

values of ∆G
o
ads of the order of 12 – 16 kJ mol

-1
 or lower in acidic and alkaline solutions (Table 4), indicate a 

physisorption mechanism. In addition to electrostatic interaction, there may be some other interactions [53,164]. The 
high Kads and ΔG

o
ads values may be attributed to higher adsorption of the inhibitor molecules at the metal-solution 

interface [165]. In physisorption process, it is assumed that acid anions such as NO3
-
 ions are specifically adsorbed on 

the metal surface, donating an excess negative charge to the metal surface. In this way, potential of zero charge 
becomes less negative which promotes the adsorption of inhibitors in cationic form [166]   ; those of order of 40 kJ mol

-1
 

or higher involve charge sharing or transfer from the inhibitor molecules to the metal surface to form a coordinate type of 
bond (chemisorptions) [167-169]. Straight lines of CInh/θ versus CInh plots indicate that the adsorption of the inhibitor 
molecules on the metal surface obeyed Temkin adsorption model (Figure 12). This isotherm can be represented as:  
 
CInh/θ = 1/Kads + CInh                                                            (26)  
 

The strong correlation coefficients of the fitted curves are around unity (r = 0.94). This reveals that the inhibition 
tendency of the inhibitors is due to the adsorption of these synthesized molecules on the metal surface [170] (Table 4). 
The slopes of the CInh/θ versus CInh plots are close to ≡ 1.38 in case of nitric acid; whereas  ≡ 2.53 in the case of 
NaOH solution which indicates the ideal simulating and expected from Temkin adsorption isotherm [170]. Kads values 
were calculated from the intercepts of the straight lines on the CInh/θ axis [171]. Generally the relatively high values of 
the adsorption equilibrium constant (Kads) as given in Table 4 reflect the high adsorption ability [162,163] of the PSC 
molecules on the iron surface. 

To evaluate the kinetic parameters and correlate them to their corrosion inhibition mechanism, it is now of value to 
analyze the kinetic data obtained in the presence of the studied PSC inhibitors from the stand point of the generalized 
mechanistic scheme proposed by El-Awady et al. [172,173].The curve fitting of the data for the PSCs on iron in 2.0 M 
HNO3 and 2.0 M NaOH solutions to the kinetic-thermodynamic model (equation 28) at 303 K.  
 
θ / (1 - θ ) = K' [I]

y
                                               (27)  

or log (θ/1- θ) =log K' + y log [I]                           (28)  
 
where y is the number of inhibitors molecules [I] occupying one active site, and K' is a constant, if relationship (28) is 
plotted and applicable [102]. As seen, satisfactory linear relation is observed for the studied synthesized PSC 
compounds. Hence, the suggested model fits the obtained experimental data. The slope of such lines is the number of 
inhibitor molecules occupying a single active site, (y) and the intercept is the binding constant (log K'). As mentioned, 1/y 
gives the number of active sites occupied by a single organic molecule and K'

y
 is the equilibrium constant for the 

adsorption process. The binding constant (Kb) corresponding to that obtained from the known adsorption isotherms 
curve fitting is given by the following equation:  
 
Kb = K'

(1/y)
                                                             (29)  

 
Table 4 comprises the values of 1/y and Kb for the studied PSCs. This Table show that the number of active sites 
occupied by one molecule in the case of PSCs (1/y ≡ 4 - 11). Values of 1/y greater than unity implies the formation 
of multilayer of the inhibitor molecules on the metal surface, whereas, values of 1/y less than unity indicates that a 
given inhibitor molecule will occupy more than one active site [174]. According to the proposed kinetic-
thermodynamic model, the adsorption takes place via formation of multilayer of the inhibitor molecules on the iron 
electrode surface. The slope values do not equal unity (gradient slopes < 1); hence the adsorption of these 
synthesized PSCs on iron surface does not obey a Langmuir adsorption isotherm [175,176]. Temkin adsorption 
isotherm (equation 24) represents best fit for experimental data obtained from applying PSCs as chemical inhibitors 
on iron in 2.0 M HNO3 and 2.0 M NaOH solutions. The values of Kads (equilibrium constant of the inhibitor adsorption 
process) and (f) are tabulated in Table 4. The lateral interaction parameter (f) has negative values; this parameter is 
a measure of the degree of steepness of the adsorption isotherm. The adsorption equilibrium constant (Kads) 
calculated from Temkin equation acquires lower values than those binding constant (Kb) obtained and calculated 
from the kinetic-thermodynamic model. The lack of compatibility of the calculated (Kb) and experimental (Kads) 

values may be attributed to the fact that Temkin adsorption isotherm is only applicable to cases where one active  
site per inhibitor molecule is occupied. The lateral interaction model uses the size parameter. 
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The values of the lateral interaction parameter (-f) were found to be negative and increase from ≡ 23 to 38.This denotes 
that, an increase in the adsorption energy takes place with the increase in the surface coverage (θ). Adsorption process 
is a displacement reaction involving removal of adsorbed water molecules from the electrode metal surface and their 
substitution by inhibitor molecules. Thus, during adsorption, the adsorption equilibrium forms an important part in the 
overall free energy changes in the process of adsorption. It has been shown [177] that, the free energy change 
(ΔGoads) increases with increase of the solvating energy of adsorbing species, which in turn increases with the size of 
hydrocarbon portion in the organic molecule and the number of active sites. Hence, the increase of the molecular size 
leads to decreased solubility, and increased adsorbability. The large negative values of the standard free energy 
changes of adsorption (∆Goads), obtained for PSCs, indicate that the reaction is proceeding spontaneously and 
accompanied with a high efficient adsorption. Although, the obtained values of the binding constant (Kb) from the kinetic 
model and the modified equilibrium constant (Kads) from Temkin equation are incompatible, generally have large values 
(Table 4), mean better inhibition efficiency of the investigated synthesized PSCs i.e., stronger electrical interaction 
between the double layer existing at the phase boundary and the adsorbing molecules. In general, the equilibrium 
constant of adsorption (Kads) was found to become higher with increasing the inhibition efficiency of the inhibitor studied 
as shown in Table 4. 
 
Mechanism of corrosion inhibition 
 
From the experimental and theoretical results obtained, we note that a plausible mechanism of corrosion inhibition of 
iron in aerated 2.0 M HNO3 and 2.0 M NaOH by PSCs may be deduced on the basis of adsorption. The transition of 
metal/solution interface from a state of active dissolution to the passive state is attributed to the adsorption of the 
inhibitor molecules and the metal surface, forming a protective film [178]. Thermodynamic parameters showed that the 
adsorption of PSCs on the iron surface either in acidic and/or alkaline solutions is physical than chemical one. The 
adsorption of PSC arises from the donor 

acceptor interactions between free electron pairs of hetero atoms and π electrons of multiple bonds as well as phenyl 
group and vacant d orbitals of iron [72,179]. It has been reported that the adsorption of heterocyclic compounds occurs 
with the aromatic rings sometimes parallel but mostly normal to the metal surface. The orientation of molecules could be 
dependent on the pH and/or electrode potential. However, more work should be completed to confirm the above 
arguments [180]. In the case of parallel adsorption of inhibitor molecules, the steric factors also must be taken into 
consideration. The adsorption of organic molecules on the solid surfaces cannot be considered only as purely physical 
or as purely chemical adsorption phenomenon. In addition to the physical adsorption, inhibitor molecules can also be 
adsorbed on the iron surface via 

electrostatic interaction between the charged metal surface and charged inhibitor molecule if it is possible. The 
calculated standard free energy of adsorption has been found close to -17 kJ mol

-1
 (Table 4) which can be explained as 

physical rather than chemical adsorption. If the contribution of electrostatic interactions takes place, the following 
adsorption process can additionally be discussed. The essential effect of Schiff bases as corrosion inhibitors is due to 
the C=N group in the molecules Schiff bases, π electrons on the aromatic rings, mode of interaction with the metal 
surface and the formation of metallic complexes [64,181–182]. The unshared and π electrons interact with d orbital of Fe 
to provide a protective film. Five Schiff bases investigated in the present study have one, two, and/or three benzene 
rings; one hetero nitrogen-five member ring and C=N group. The optimized geometry of Schiff bases (PSC_1–5) is 
presented in Fig. 10. According to Fig. 10 each molecule of Schiff bases has an OH group in the ortho position for 
PSC_1- 4, and in para position for PSC_5, one group C=N presence between benzene rings and the hetero nitrogen-
five member ring. In addition, PSCs_ 1 and  PSCs_ 2   has an excess O atom in the ortho position and two CH3 groups 
in o- and m-positions at the hetero nitrogen-five  member ring linked to carbon of C=N group. The inhibition efficiency 
values of five Schiff bases (PSC_1-5) at a common concentration of 0.1 mM (Table 3) follow the order: Schiff base _1 > 
Schiff base_2> Schiff base_3 > Schiff base_4> Schiff base_5. The quantum results were used to explain different 
inhibition effectiveness of the five molecules. From optimized geometry of Schiff bases (PSC_1–5) (Fig. 10), it can be 
observed that all these five molecules have approximate planar structure. Thus, the adsorption of studied Schiff bases 
on iron surface would take place through C=N groups, benzene rings, methyl and hydroxyl functional groups. PSC_ 1 
and 2 have the highest percentage inhibition efficiency. This is due to the large size of antipyrine category which makes 
better surface coverage and hence the highest inhibition efficiency is obtained. PSC_ 1 displays the highest inhibition 
efficiency; this is due to the presence of additional benzene ring in its structure which enhances the electron density on 
the inhibitor in addition to its higher molecular area. The inhibition efficiency of PSC_ 3 is higher than that of PSC_ 4, 
due to the presence of an additional benzene ring in the arylidene part of the additive, which increases the area of the 
adsorbed molecule and consequently makes better surface coverage on the metal surface than in the case of the other 
additives PSC_ 4 and PSC_ 5. The inhibition efficiency of PSC_ 4 is higher than that of compound PSC_ 5, which can  
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be explained on the basis that, the basic strength of the C = N group is insufficient to permit the formation of stable 
complex through a simple coordination bond with the metal ion through the lone pair of the nitrogen atom. Therefore, a 
functional group with a replaceable hydrogen ion (OH group) in the ortho position of PSC_ 4 enhances the formation of 
a stable chelate complex with the corroding metal ions. Consequently, both the Schiff base inhibitor and Schiff base-
metallocomplexes can be adsorbed or deposited on the metal surface, hence causing an additional inhibition of iron 
corrosion [62,183]. Finally, PSC_ 5 comes at the end of all the investigated PSC compounds in its percentage inhibition 
efficiency value, owing to the presence of OH group in the para position. The adsorption process of PSC molecules on 
the metal surface interfere with the adsorption of the anions [173] present in the corrosive media. 

The anodic dissolution of iron follows the steps [184]: 
 
Fe + NO3

-
 ↔ (FeNO3

-
) ads                                     (30)   

(FeNO3
-
) ads ↔ (FeNO3

-
) ads + e

-  
                          (31)   

(FeNO3
-
) ads ↔ (FeNO3

+
) + e

-
                                (32)   

(FeNO3
+
) ↔ Fe

2+ 
+ NO3

-
                                       (33)  

 
Schiff bases have basic character and expected to be protonated in equilibrium with the corresponding neutral form in 
strong acid solutions. 
 
PSC + H

+
 ↔ PSCH

+
                                          (34)   

 
Because iron surface carried positive charge, NO3

-
 ions should be first adsorbed onto the positively charged metal 

surface according to reaction (30). Then the inhibitor molecules adsorb through electrostatic interactions between the 
negatively charged metal surface and positively charged Schiff base molecule (PSCH

+
) and form a protective (FeNO3

-
 

PSCH
+
) ads layer. In this way, the oxidation reaction of (FeNO3

-
) ads as shown by reaction steps from (31) to (33) can be 

prevented [3,185]. During the corrosion of iron in strong acid solution, the cathodic reaction is reduction of H
+
 ions to 

molecular hydrogen according to reaction mechanism given below [3,184]: 
 
Fe   +   H+    ↔ (FeH

+
) ads                              (35) 

(FeH
+
) ads    + e

-
 → (FeH) ads                           (36) 

(FeH) ads     + H
+
 + e

-
 → Fe + H2                     (37)  

 
Because the rate of hydrogen gas evolution is directly proportional to the rate of corrosion, the measuring of hydrogen 
gas evolved at cathodic sites as a function of reaction time can give valuable information about starting and continuity of 
the corrosion. The relative speed and effectiveness of the gasometric techniques as well as their suitability for in situ 
monitoring, any perturbation by an inhibitor with respect to gas evolution in metal/solution system has been established 
in the literature [4,186-189]. The protonated Schiff base molecules are also adsorbed at cathodic sites of metal in 
competition with hydrogen ions according to Eq. (35). The adsorption of protonated Schiff base molecules reduces the 
rate of hydrogen evolution reaction [179,184,190]. In acidic solutions the inhibitor can exist as cationic species (Eq. (38)) 
which may be adsorbed on the cathodic sites of the iron and reduce the evolution of hydrogen: 
 
PSC + 2 H

+
 ↔ [PSCH]

 2 +
                                  (38) 

 
The protonated PSC, however, could be attached to the iron surface by means of electrostatic interaction between 

NO3
-
 and protonated PSC since the iron surface has positive charges in the acid medium [191]. This could further be 

explained based on the assumption that in the presence of NO3
-
 , the negatively charged 

NO3
-
 would attach to positively charged surface. When PSC adsorbs on the iron surface, electrostatic interaction takes 

place by partial transference of electrons from the polar atoms (N and O atoms and the delocalized π-electrons around 
the heterocyclic rings) of PSC to the metal surface. In addition to electrostatic interaction (physisorption) of PSC 
molecules on the iron surface, molecular adsorption may also play a role in the adsorption process. A close examination 
of the chemical structure of PSCs, reveals that PSC molecules have structure characterized by the presence of 
chelation centers mainly located on nitrogen‘s and oxygen. From theoretical and experimental results obtained, N and O 
atoms are the likely sites of complexation of PSC with the Fe

2+ 
(Fig.13) which will result in the formation of a five-

membered, redox active α-iminoketo chelate ring [192]. The UV–Visible absorption spectra of the solution containing the 
inhibitor after the immersion of the iron specimen indicated the formation of a complex with the iron surface allowing the 
formation of adhesive film. Such an adhesive film covered the metal surface isolating the metal surface from the 
corrosive media. Finally, it should also be emphasized that, the large size and high molecular weight of Schiff base  



 
 

 
Madkour and Elroby 699 

 
 
molecule can also contribute the greater inhibition efficiency of PSCs [72]. In order to present more details, the 
molecular orbital density distributions for five Schiff bases are shown. Figures 7, 8 shows that all of investigated Schiff 
bases (PSC_1-5) have very similar electronic density on their HOMO, so different inhibition effectiveness observed in 
five molecules cannot be explained in terms of EHOMO. However, it can be found in Figures 7, 8 that the orbital density 
distributions on LUMO of these five Schiff bases are similar to each other and their only difference is related to orbital 
density distributions of LUMO that is localized over the atoms N and O and follows the following order: Schiff base_1 > 
Schiff base_2 > Schiff base_3 > Schiff base_4 > Schiff base_5. Finally, we remark that we do not know the real structure 
of Schiff base films; instead these arguments are used to demonstrate the differences in inhibition efficiency of these 
molecules. 

In general, the adsorption of organic molecules at the metal electrode surface depends on the molecular size, charge 
distribution and deformability of the active center as well as the charge on the metal surface undergoing corrosion. Thus, 
the increased formation of Schiff base-metal complexes leads to the formation of an insoluble film of the complex on the 
metal surface, which furnishes an additional inhibitive property to that of the investigated Schiff base inhibitors (PSCs) 
as shown in Figure 13. 
 
 
CONCLUSIONS 
 
Data obtained from quantum chemical calculations using DFT at the B3LYP/6-311++G** level of theory were correlated 
to the inhibitive effect of Schiff bases (PSCs). The relationships between inhibition efficiency of iron in aerated 2.0 M 
HNO3 and/or 2.0 M NaOH and the EHOMO, ELUMO - EHOMO, and ΔN of PSCs were calculated by DFT method. The 
inhibition efficiency increased with the increase in EHOMO and decrease in ELUMO _ EHOMO. PSC_1 had the highest 
inhibition efficiency because it had the highest HOMO energy and ΔN values, and it was most capable of offering 
electrons. The distribution of electronic density shows that the molecules of PSCs had many negatively-charged active 
centers. The electron density was found to be positively correlated with length of aminic nitrogen containing carbon bone 
chain, which was resulted in increasing in inhibition efficiency. The areas containing N and O atoms are most possible 
sites for bonding the metal iron surface by donating electrons to the metal. The inhibition efficiencies obtained from 
chemical and electrochemical methods are in good agreement with each other. Its inhibition efficiency is both 
concentration and immersion time dependent. The high inhibition efficiency of PSCs was attributed to the adherent 
adsorption of the inhibitor molecules on the metal surface, and the adsorption is spontaneous, exothermic; accompanied 
with a decrease in entropy of the system from thermodynamic point of view and obeys the Temkin isotherm. Polarization 
curves demonstrate that the examined Schiff bases behave as mixed type corrosion inhibitor in HNO3 by inhibiting both 
anodic metal dissolution and cathodic hydrogen evolution reactions. A first-order kinetics relationship with respect to the 
iron was obtained with and without PSC from the kinetic treatment of the data. UV-Visible spectrophotometric studies 
clearly reveal the formation of Fe-PSC complex which may be enhanced for the observed inhibition process. Both 
experimental and quantum theoretical calculations are in excellent agreement. 
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