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Highlights: 

 SNBB inhibits Fe and steel corrosion at OCP and mild anodic polarizations. 

 SVET maps do not show surface reactivity on Fe and steel in the presence of SNBB. 

 SNBB forms a stable complex with iron through a bidentate O, O-chelate mode. 

 A heavy and highly hydrophobic complex forms on Fe and steel surface by SNBB. 

 Rotation of monohapto-SNBB around Cu-O bond leads to easy detachment from Cu. 
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Graphical abstract 

 

 

Abstract 

The inhibition performance of a novel anionic carboxylic Schiff base, sodium (E)-4-(4-

nitrobenzylideneamino)benzoate (SNBB), was investigated for various metals, namely low 

carbon steel F111, pure iron and copper, in neutral 10 mM NaCl solution. Potentiodynamic 

polarization, scanning vibrating electrode technique (SVET), quantum chemical (QC) 

calculation, and molecular dynamics (MD) simulation were employed. The potentiodynamic 

polarization data showed that SNBB acts as an effective corrosion inhibitor for both iron and 

F111 steel, but it is not effective for the copper. In situ spatially-resolved SVET maps evidenced 

a major change in surface reactivity for Fe and F111 steel immersed in 10 mM aqueous solution 

in the absence and in the presence of SNBB. Featureless ionic current density distributions were 

recorded in the presence of SNBB at both their spontaneous open circuit potential (OCP) and 

under mild anodic polarization conditions, while major ionic flows were monitored above the 

metals in the absence of SNBB. On the basis of computer simulations, it is proposed that SNBB 

produces a stable chelate film on iron and steel surfaces that accounts for the good corrosion 
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inhibition efficiency observed. The different inhibition efficiencies of SNBB molecules on the 

iron and copper was attributed to the special chemical structure of SNBB molecule and its 

different chelation ability with the released metal ions on the metal surface. The QC calculations 

also confirmed the high corrosion inhibition efficiency of SNBB. The MD simulation indicated 

higher binding energy of SNBB on iron surface compared to that of copper surface. The 

interaction mode of SNBB on iron and F111 steel surfaces corresponds to a mixed chemical and 

physical adsorption, and it obeys the Langmuir isotherm. 

 

Keywords: Iron; Copper; Steel; Scanning Vibrating Electrode Technique; Polarization; 

Modelling studies; Corrosion inhibition. 
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1. Introduction 

Corrosion is one of the most devastating problems faced in modern technology and plays 

an important role in various industrial fields. The use of corrosion inhibitors is a practical and 

effective procedure to minimize the corrosive attack on metals, and major effort is devoted to the 

development of more efficient corrosion inhibitors [1,2]. As result, a rather large number of 

organic compounds possessing electronegative heteroatoms such as P, S, N and O in their 

structures, or containing double or triple bonds and aromatic rings, have been proposed to protect 

different metals including pure iron [3,4], carbon steel [5,6], and copper [1,7].  

Although experimental methods such as weight loss and conventional electrochemical 

measurements are the most traditional and simple ways to test inhibitors, these methods can only 

provide an average response on the reactivity of whole metal surface, and they implicitly assume 

that the electrochemical behavior at the metal/electrolyte interface is uniform. Unfortunately, 

corrosion inhibition is a complex process, and the inhibitor molecules must interact with the 

local micrometric and submicrometric cells developed on the reactive metal surface. Therefore, a 

comprehensive understanding of inhibition mechanisms requires the analysis of spatially-

resolved data obtained in those scales [8,9]. Recently, the application of scanning 

microelectrochemical techniques, that are operated in situ, have opened new avenues for the 

investigation of the corrosion mechanisms in aqueous environments in general [10,11], and of 

corrosion inhibition in particular [11]. Among them, the scanning vibrating electrode technique 

(SVET) is a powerful microelectrochemical method that assesses corrosion phenomena by 

measuring the ionic fluxes in aqueous solutions produced by the corrosion reactions using a 

vibrating microelectrode [12]. Although the SVET has been mostly employed to measure local 

potential gradients originated by electrically-connected dissimilar metals [13-15] or inclusions in 
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alloys [16,17], and it is currently employed in the investigation of several corrosion processes 

ranging from coated metals [9,18-20], to corrosion inhibition [21-25]. However, these 

experimental measurements are costly, time consuming and sometimes unable to reveal the 

complete inhibition mechanisms [26,27].  

With the development of sophisticated software and hardware related to computational 

support systems, computer simulation has been explored for investigating the complex systems 

in a corrosion process and predicting the relative inhibition efficiencies. In particular, quantum 

chemical (QC) studies using density functional theory (DFT) were conducted to explore the 

relationship between the molecular properties of the inhibitors and their corrosion inhibition 

efficiencies [28-30]. However, it was observed that only the modeling of an experiment can 

provide the actual interaction between corrosion inhibitors and metal surfaces. As a result, the 

QC calculations and molecular dynamics (MD) simulation can be used as a comprehensive 

technique for finding the corrosion inhibition mechanism [6,31]. Moreover, since there is a large 

number of alloys and metal combinations used simultaneously in the same construction in 

different engineering fields, the effect of corrosion inhibitors on various metals must be 

investigated as well [32]. 

The aim of this contribution is to study the inhibitive effect of a new anionic carboxylic 

Schiff base, sodium (E)-4-(4-nitrobenzylideneamino)benzoate (SNBB), on the corrosion 

behavior of various materials, namely low carbon steel F111, pure iron and copper, in order to 

explore its performance as a general corrosion inhibitor. Recently, we synthesized and 

characterized this compound with regards to the inhibition of the pitting corrosion of 304 

stainless steel in neutral chloride solution [33]. An experimental multiscale electrochemical 

approach, comprising both conventional electrochemical techniques and spatially-resolved 
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microelectrochemical characterization by SVET, was employed. In addition, QC calculations 

based on DFT and MD simulations were applied to investigate the mechanism of corrosion 

inhibition and the interaction between the inhibitor molecules and the metal surfaces. 

 

2. Experimental procedures  

2.1. Preparation of samples, inhibitor and electrolytes 

Three different metal samples were considered in this study, namely pure iron and 

copper, and a low alloy carbon steel (grade F111) with composition (wt.%): C 0.042, Si 0.042, 

Mo 0.005, Al 0.041, Mn 0.208, Co 0.005, Cu 0.023, Ni 0.005, Ti 0.005, Cr 0.015, and Fe 

balance. For conventional electrochemical testing, the specimens were soldered to polymer-

coated Cu wires for electrical connection, and then, mounted in an epoxy resin to provide a flat 

surface for exposure to the test solution. Alternately, for SVET tests, iron and copper wires (of 

about 0.7 mm diameter) supplied by Goodfellow (Cambridge, United Kingdom), were employed 

instead. They were mounted in epoxy resin, so that only their cross sections could be exposed to 

the test solution. The two wires were spaced by 1 mm. In the case of the F111 steel, a sheet with 

the thickness of 1 mm was cut into strips of 60 mm × 3 mm in length and width, respectively. 

These strips were then embedded vertically in the insulating resin. To facilitate electrical 

connections required for doing potentiostatic polarization, either the pure metal wires and the 

steel strips were allowed to protrude at the rear of the mount. Prior to conducting the 

experimental measurements, the electrode surface area was ground using silicon carbide paper 

ranging down to 4000 grit, and then rinsed with Millipore deionized water and acetone, and 

finally dried in air flow.  
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Reagents of analytical grade and deionized water (Milli-Q


 ultrapure water quality, 

resistivity 18.2 M cm) were employed to prepare the aqueous test solution (10 mM NaCl). The 

studied inhibitor, sodium (E)-4-(4-nitrobenzylideneamino)benzoate (SNBB) was synthesized 

according to the procedure described elsewhere [33], and its molecular structure is shown in 

Figure 1. Inhibitor-containing solutions were prepared with different concentrations of the SNBB 

ranging from 1 to 10 mM in the 10 mM NaCl test electrolyte. 

 

2.2. Conventional electrochemical measurements 

Conventional electrochemical measurements were performed in a conventional three-

electrode cell kit using a computer-controlled Princeton Applied Research 

potentiostat/galvanostat model PARSTAT 2263. The three-electrode configuration was 

completed using an Ag/AgCl/(3 M) KCl reference electrode, and a platinum ring as counter 

electrode. Firstly, the metal samples were left unpolarized in the test solution for 1 h to 

spontaneously attain an almost stationary open circuit potential (OCP) value. The 

potentiodynamic polarization data were recorded at a scan rate of 1 mV/s by sweeping the 

potential from −250 mV vs. OCP toward more positive potentials until the current density 

exceeded either 10 µA/cm
2
 for pure iron and F111 steel, or 100 µA/cm

2
 for pure copper. All the 

electrochemical experiments were performed in quiescent condition at the laboratory temperature 

(~25 ºC). 

 

2.3. SVET operation 

The SVET device employed in this work was a setup manufactured by Applicable 

Electronics Inc. (Forestdale, MA, USA) and controlled by dedicated software. The sensing 
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probes were 10 µm Pt-Ir (80%-20%) wires insulated by paralene C
®
 and arced at the tip to 

expose the metal. To produce a spherical platinum black deposit of 10-20 µm diameter, the wires 

were then platinized. A video camera coupled with an optical microscope was used to establish 

the distance between probe and sample and also to follow the movement of the electrode tip 

vibrating over the sample during measurements. The mounted samples were surrounded laterally 

by sellotape to create a small container on the specimen under study, thus the electrolyte covered 

the specimen by a ca. 8 mm liquid column. The electrochemical cell for SVET operation was 

completed by using a spherical platinized probe and a Pt wire as reference electrode. A reference 

measurement with the microelectrode away from the active area was subtracted from the values 

measured during the scan. The measurements were made with the probe vibrating in a plane 

perpendicular to the sample at an amplitude of 10 µm. The mean distance between the 

microelectrode and the sample surface was 50 µm.  

The SVET tests were carried out at ambient temperature (nominally 25 C) in naturally 

aerated 10 mM NaCl aqueous solution. This solution was chosen to make a compromise between 

a sufficiently low conductivity electrolyte and enough chemical aggressiveness to satisfactorily 

resolve the potential gradients in the electrolyte resulting from the corrosion reactions on the 

metal, and to distinguish the differences in electrochemical activity between inhibited and 

uninhibited surfaces following the procedure described in refs. [23,34]. Although most 

experiments were performed at the corresponding OCP value, the surface of F111 steel was also 

examined under anodic polarization at -0.10 V vs. Ag/AgCl/(3 M) KCl to promote corrosion 

attack. In order to apply the potentiostatic polarization condition to the metal sample, an 

Ag/AgCl/(3 M) KCl reference electrode and a platinum ring counter electrode were introduced 

into the electrochemical cell. In this configuration, the exposed metal sample was connected as 



  

9 
 

the working electrode (WE). Electrochemical control was carried out using a potentiostat model 

283 from EG&G Instruments (Princeton Applied Research, Oak Ridge, TN, USA). 

 

2.4. Quantum chemical calculations 

Quantum chemical (QC) calculations were performed by DFT methods. All calculations 

were done with Gaussian 09 software using the hybrid B3LYP exchange-correlation functional 

and the 6-311
++

G(dp) basis sets [35]. Based on these calculations, geometric optimization of the 

SNBB molecule was done, and key parameters were determined, namely the energy of the 

highest occupied molecular orbital (EHOMO), the energy of the lowest unoccupied molecular 

orbital (ELUMO), the energy band gap (ΔE) between LUMO and HOMO, the dipole moment (µ), 

and the fractional number of electrons transferred (ΔN) to the inhibitor. 

 

2.5. Molecular dynamics simulation 

Molecular dynamics (MD) simulations are a modern tool employed to obtain more 

information about the adsorption of the inhibitor molecules on metal surfaces at molecular level 

[36-38]. The adsorption processes of the SNBB molecule on iron and copper surfaces were 

investigated by MD simulation using Material Studio 6.0 software from Accelrys Inc. Since the 

most densely packed planes of the crystalline metals can be considered as the most stable, it is 

usual to choose these planes as the metal surfaces in MD simulations [6,39,40]. The simulations 

for iron were made by taking the Fe (110) crystal surface in a simulation box of dimensions 3.44 

nm × 4.05 nm × 5.34 nm. Analogously, the Cu (111) crystal orientation surface in a simulation 

box of dimensions 4.09 nm × 4.63 nm × 5.85 nm was picked for copper. The MD simulations 

were carried out with periodic boundary conditions to model a representative part of the interface 
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devoid of any arbitrary boundary effects. Firstly, the appropriate surface was cleaved from the 

pure Fe or Cu crystal, and relaxed by minimizing its energy using molecular mechanics. Next, 

the surface areas of Fe (110) and Cu (111) were enlarged by constructing a super cell, and then a 

vacuum slab with zero thickness was built above these surfaces. The chemical species included 

in the adsorption system were 500 H2O, 10 Na
+
, 10 Cl

−
 and 1 SNBB molecule in each case. 

Since the electrochemical corrosion inhibition process takes place in aqueous solution, the use of 

water molecules and different ions is essential [41]. Finally, the corrosion systems were 

produced by placing the Amorphous Cell on the super cell. Furthermore, all layers of the super 

cell, except the top layer, were kept fixed. The MD simulations were performed at 298.0 K 

(controlled by the Andersen thermostat) using a canonical ensemble (NVT) with a time step of 

1.0 fs, and a simulation time of 500 ps. For the whole simulation procedure, the COMPASS 

(Condensed-phase Optimized Molecular Potentials for Atomistic Simulation Studies) force field 

[42] was used, because it allows the accurate and simultaneous prediction of structural, 

conformational, vibrational, and thermophysical properties for a broad range of chemical species, 

including organic molecules, metals, metal oxides, and metal halides [43]. 

 

3. Results and discussion  

3.1. Conventional electrochemical measurements  

The relationships between OCP values and immersion time for F111 steel, pure iron and 

copper upon immersion in 10 mM NaCl, both in the absence and in the presence of SNBB, were 

determined at 25 ºC, and they are shown in Figure 2. The potential-time curves shifted to more 

positive potentials in the presence of SNBB, this effect being greater with increasing SNBB 

concentration. In addition, the effect of SNBB addition on the OCP values was more pronounced 
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in the case of iron and F111 steel. Since almost constant OCP values were observed after 1 h 

immersion for all the materials, it was decided to perform all the electrochemical and 

microelectrochemical tests after 1 h immersion of the metal substrates in the corresponding test 

solution. 

Typical potentiodynamic polarization curves of F111 steel, pure iron and copper in 10 

mM NaCl, in the absence and presence of different concentrations of SNBB, are shown in Figure 

3. In the case of pure iron and F111 steel, the addition of SNBB produced a remarkable decrease 

of the corrosion current density (jcorr) accompanied by the establishment of a more positive 

corrosion potential (Ecorr). The occurrence of a pseudo-passive region was observed in the anodic 

branches by increasing the SNBB concentration added to the test NaCl solution. However, the 

efficiency of SNBB as a corrosion inhibitor for copper was very poor under the same 

experimental conditions. The polarization curves shown in Figure 3c exhibited smaller changes 

after the addition of the inhibitor to the test solution, and even exhibited slightly more negative 

Ecorr and breakdown potential values than in the inhibitor-free solution.   

The Tafel extrapolation method was used to extract the relevant electrochemical 

parameters according to the procedures described in ref. [44], and the obtained results are given 

in Table 1. The surface coverage (θp) and the inhibition efficiency ( p % ) values were calculated 

using [6]: 

corr corr
p

corr

o

o

j j

j



                                 (1) 

p % 100                       (2) 

where corr

oj  and corrj  represent the corrosion current densities in the absence and presence of 

SNBB, respectively. From the inspection of Table 1, it can be observed that the jcorr values 
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decreased for F111 steel and pure iron upon the addition of different SNBB concentrations to the 

10 mM NaCl solution. It should be remarked that no significant changes in the cathodic Tafel 

slope (βc) occurred either by adding or increasing the SNBB concentration. This feature indicates 

that the SNBB did not influence the cathodic reaction mechanism of the corrosion process. Thus, 

the SNBB can be regarded as anodic-type corrosion inhibitor. According to Table 1, 
p %  

increased with the increase of the inhibitor concentration. In the case of copper, jcorr and Ecorr 

values were not significantly influenced by SNBB. 

 

 3.2. Adsorption isotherm 

The adsorption of organic inhibitor compounds at the metal/solution interface is the first 

step in the corrosion inhibition mechanism of metals and alloys. The adsorption process mainly 

depends on the electronic characteristics of the metal surface and inhibitor, the charge and nature 

of the metal surface, the adsorption of the solvent and other ionic species, temperature, the 

electrochemical potential at the solution/interface, steric effects, and varying degrees of surface-

site activity [45,46]. Two main types of interaction are responsible for bonding an inhibitor to a 

metal surface. Physical adsorption is a weak, non-directional interaction, and it involves 

electrostatic interaction between the inhibitor organic ions or dipoles and the electrically-charged 

metal surface [47]. The second type of interaction is chemical adsorption, which occurs by 

directional forces between the adsorbate and adsorbent. It involves charge sharing or charge 

transfer from the adsorbates to a vacant low-energy orbital of the metal surface to form a 

coordinate type bond [46]. Adsorption of inhibitor molecules is a quasi-substitution process 

where organic compounds in the aqueous phase (Org(sol)) replace water molecules at the 

electrode surface (H2O(ads)) according to following reaction [6]: 
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(sol) 2 (ads) (ads) 2 (sol)Org + H O Org + H Ox x     (3) 

where Org(ads) is the organic inhibitor adsorbed on the metal surface, and H2O(sol) is the water 

molecule in the aqueous solution, and x (the size ratio) is the number of water molecules 

replaced by the organic inhibitors. In order to obtain the isotherm, a linear relation between θp 

values and the inhibitor concentration (Cinh) must be found. In the present study, the best fit was 

obtained with the Langmuir isotherm given by Eq. (4):  

inh
inh

p ads

1C
C

K
                    (4) 

where Kads is the adsorption equilibrium constant that can be extracted from the intercept of the 

straight line on the Cinh/θp axis. Figure 4 shows the straight lines with slopes close to unity 

obtained for the interaction of SNBB with Fe and F111 steel, whereas Table 2 gives the 

calculated Kads values for these metal-inhibitor systems. The Langmuir adsorption isotherm has 

been employed extensively in previous works to describe the adsorption reaction of certain 

extracts with steel surfaces resulting in the formation of stable chelates [48,49]. This adsorption 

isotherm assumes that there are fixed numbers of adsorption sites on the metal surface, and each 

site holds one inhibitor molecule. The standard free energy of the inhibitor adsorption (
o

adsG ) is 

the same for all these sites, it is independent of θ, and the adsorbed inhibitor molecules do not 

interact with each other [46,50]. The value of 
o

adsG  was calculated from Kads using [6]: 

o

ads ads(55.5 )G RTln K                      (5) 

where R is the universal gas constant, T is the absolute temperature, and 55.5 is the molar 

concentration of water in the solution. It is commonly accepted that ΔG
0

ads values equal to or less 

negative than -20 kJ/mol correspond to physical adsorption, whereas values around or more 
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negative than -40 kJ/mol are related to chemical adsorption. However, the adsorption of organic 

compounds on the metal surface often cannot be attributed to exclusively physical or chemical 

adsorption processes. It has been reported that in the case of the chemical adsorption of organic 

compounds, some molecules can also be  adsorbed on the surface via physical adsorption [51]. 

By considering the values of 
o

adsG  listed in Table 2, the adsorption of the SNBB molecules on 

the surface of pure iron and F111 steel can be assumed to be of a mixed type of chemical and 

physical adsorptions. 

 

3.3. Scanning vibrating electrode technique 

The possible occurrence of localized effects on the surface of iron, copper and F111 steel 

exposed to an aqueous chloride-containing solution and for the corrosion inhibition performance 

of SNBB on these metals has been investigated in situ at the micrometric scale using SVET. The 

chemical reactions associated to metal dissolution and the complementary cathodic reaction 

cause ionic fluxes to occur in the solution adjacent to a corroding surface. These ionic fluxes can 

be detected by SVET. It is well known that the chemical reactions of iron in a neutral chloride-

containing solution occur through half-cell reaction (6) for the anodic process, and (7) for the 

cathodic reaction.  

2+ -Fe Fe +2e        (6) 

-

2 22H O+O +4e 4OH       (7) 

Therefore, the anodic and cathodic half-cell reactions can be detected by SVET as positive and 

negative current densities according to the sign of the ions released in each process [15]. 
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The local effects of SNBB responsible for the enhanced corrosion resistance of the F111 

steel were effectively revealed in the recorded SVET maps. Figure 5 depicts optical images of 

the surface and SVET maps recorded for the F111 steel strip immersed in 0.01 M NaCl solution 

both in the absence and in the presence of 0.01 M SNBB. Each SVET map is plotted as both 2D 

and 3D graphs. The samples were kept at their corresponding OCP values in the electrolyte for 

60 min prior to measuring the SVET map. As it can be seen in Figure 5a, the electrochemical 

activity related to ionic flow from anodic sites involved rather high current densities from a few 

locations on the surface in the case of the strip exposed to the SNBB-free test solution. The 

SVET map shows three small anodic regions on the metal surface, the most active two occurring 

for Y values around 3000 µm (i.e., in the upper part of the 2D-map, although these two sites 

could not be resolved in the optical image recorded while the vibrating tip was scanning the 

surface), and another less active site at Y values close to zero (cf. the corrosion spot in the lower 

part of the optical photograph). The rest of the exposed surface showed a rather homogeneous 

behaviour as the location of the cathodic half-cell reaction (see the extensive blue-colored region 

in the SVET images). Conversely, the SVET map recorded in the presence of 0.01 M SNBB 

shows only the background noise signal (Figure 5b), which is composed by a random 

distribution of small positive and negative spikes extending over the complete surface of the 

exposed steel. It should be noticed the almost 50 times smaller interval of ionic current densities 

covered by the color bar of Figure 5b compared to that in Figure 5a, evidencing that no ionic 

current signals could be resolved above the lower limit of detection in this case. These 

observations confirm the high corrosion efficiency conferred by SNBB to the low carbon F111 

steel in the neutral NaCl solution under open circuit conditions. This inhibitive action was 

readily observable from the comparison of the optical micrographs taken after recording the 
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SVET maps in each solution. The onset of localized corrosion processes accompanied by the 

precipitation of corrosion products only occur for the F111 steel in the inhibitor-free NaCl 

solution. 

In order to investigate the inhibition performance of SNBB on the corrosion behavior of 

F111 steel subjected to anodic polarization, the surface of F111 steel was also scanned at -0.10 V 

vs. Ag/AgCl/(3 M) KCl  in 0.01 M NaCl solution in the absence and presence of 0.01 M of 

SNBB. This potential value was chosen from the comparison of the potentiodynamic 

polarization curves measured in the absence and in the presence of SNBB shown in Figure 2a. 

This polarization is positive enough to promote enhanced metal dissolution in the absence of the 

inhibitor, yet it lies within the passive region of the steel in the presence of the organic molecule.  

The SVET maps obtained for F111 steel under this anodic polarization are shown in Figure 6. 

Again, only background noise levels were observed in the presence of inhibitor, but, in the 

absence of inhibitor, the steel surface experience extensive degradation. A large number of pits 

were nucleated on the surface leading to metal dissolution. It must be noticed that every anodic 

spike in the SVET map given in Figure 6a releases more than 20 times the amount of metal ions 

due to the different current density amplification in the images of Figure 5a and Figure 6a. 

Another major difference between the SVET images of Figures 5a and 6a regards the cathodic 

process. No ionic fluxes corresponding to the cathodic half-cell reaction could be observed above 

the metal surface in the SVET image of Figure 6a, that was recorded while the steel strip was 

subjected to anodic polarization. This feature is consistent with the operation of an external 

potentiostat, which imposes any cathodic reaction to occur at the auxiliary electrode. In 

conclusion, the SVET results demonstrated the excellent corrosion inhibition efficiency of SNBB 
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for the F111 steel even under the application of anodic polarizations within the extended passive 

potential range conferred by this inhibitor to the metal.  

Although the SVET image in Figure 6a shows a region of weak negative ionic current 

densities above the resin at the right side of the metal strip, this inconsistency is due to the 

technical limitations originating from asymmetries in the ionic currents flowing between the 

counter electrode and the substrate of different shapes [52]. It must be noticed that the auxiliary 

electrode was built as a ring that was placed adjacent to the walls of the small 

microelectrochemical cell used for the SVET measurements, whereas the steel sample has no 

circular symmetry.  

A different sample configuration was employed to investigate the inhibition 

characteristics of iron and copper by SVET. Samples containing one wire of each metal, with 1 

mm separation between them, were fabricated in order to compare their different interactions 

with SNBB on a single scan. Figure 7 shows representative current density maps generated by 

SVET for the iron and copper wires after 1 h immersion in 0.01 M NaCl in the absence and in 

the presence of SNBB. In the absence of the inhibitor (see Figure 7a), ionic current densities 

related to electrochemical activation of the metal surface were only observed above the iron 

surface due to the higher corrosion tendency of iron as compared to the copper in the same 

solution. Figure 7b shows that the electrochemical reactions are inhibited strongly in the 

presence of the SNBB, reaching total current values close to zero, indicating an efficient 

inhibition. On the other hand, no observable changes were produced on copper by the addition of 

SNBB to the test electrolyte. 

 

3.4. Chemical structure and mechanism of corrosion inhibition 
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The corrosion process of metals and alloys in an aqueous solution consists of an anodic 

and a cathodic reaction as described for iron in equations (6) and (7), respectively. By combining 

both processes, the overall reaction for the corrosion process of iron in neutral solution would be: 

2 2 22Fe+O +2H O 2Fe(OH)       (8) 

Therefore, a corrosion product film consisting of Fe(OH)2 can be formed on the surface of iron 

and its alloys, although in dilute sodium chloride solutions (i.e., for NaCl contents smaller than 3 

wt.%), this deposited film does not provide a protective barrier layer [53]. 

On the other hand, the mechanism of copper dissolution at chloride concentrations less 

than 1 M is [54,55]: 

- -Cu+Cl CuCl+e       (9) 

- -

2CuCl+Cl CuCl        (10) 

Similar to iron, this deposited film does not provide a protective barrier layer for copper [55]. 

It has been reported that carboxylic Schiff bases can form chelates with different metal 

ions such as iron or copper producing stable compounds [56,57]. The multiscale electrochemical 

characterization reported here supports that the SNBB molecule is an efficient inhibitor for iron 

and steel in neutral chloride-containing solution, but it does not provide effective protection to 

copper. The noteworthy difference between the inhibition efficiencies of SNBB on iron and 

copper must then relate to the coordination chemistry of these metals. The Cu
+ 

ion favors 

complex formation with carboxylic acid derivatives mainly through one of the oxygen atoms of 

the carboxylic functional group (η
1
-O2C-R) [58]. Moreover, considering the electroneutrality 

principle, further coordination of the second oxygen atom of the carboxylate group using a 

bidentate O, O- chelating mode is not a favorable process for Cu
+
, leaving it exposed to Cl

-
 

attack. As result, SNBB forms a Cu-SNBB complex with the carboxylate ion in monohapto-
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coordination mode (η
1
-O2C-R), as described by reaction (11). The resulting configuration is 

sketched in Figure 8a. The monohapto SNBB in the Cu-SNBB complex retains its freedom of 

rotation around the Cu-O bond, leading to the ease of detachment from copper surface which is 

also enhanced by Cl
-
 ion attack. 

+ 1 +Cu +SNBB [Cu-( SNBB)]+Na     (11)  

Conversely, the SNBB molecule forms a stable complex with iron through a bidentate O, 

O-chelate mode using both oxygen atoms of the carboxylic functional group, forming Fe-SNBB 

complex with dihapto-carboxylate coordination (η
2
-O2C-R), as described by reaction (12) and 

sketched in Figure 8b. This is a relatively heavy complex with high hydrophobicity 

characteristics and a stronger attachment to the surface of iron [59-62]. Such hydrophobic 

complexes favor the formation of surface compounds which promote passivation, that thickens 

the barrier layer to a limiting value, thus hindering water penetration and further oxide formation 

[63,64]. This passive layer can effectively inhibit the anodic process, resulting in lower 

polarization current densities (cf. Figure 3b).  

2+ 2 +Fe +SNBB [Fe-( SNBB)]+Na     (12) 

 

3.5. Quantum chemical study 

The QC method has become a common practice in corrosion inhibition studies to assist 

the interpretation of the experimental results and to elucidate the reaction mechanisms. This will 

in turn help to characterize the interactions between an inhibitor molecule and the metal surface 

[65]. In this context, we have performed the QC calculation to justify experimental results 

obtained from the electrochemical measurements in the previous sections, and to investigate the 

effect of SNBB electronic structure on its inhibition behavior as corrosion inhibitor. Figure 9 
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shows the optimized molecular structure of the inhibitor and the frontier molecular orbitals 

(HOMO and LUMO) obtained using the combined B3LYP/6-311G** methodology. The 

optimized geometry of SNBB molecule reveals that its structure is close to planar, a geometry 

that favors a strong interaction with the metal surface through its π-system (see Figure 9a). On 

the other hand, the HOMO density distribution given in Figure 9b is mostly localized on the 

carboxylic functional group (-COO‾), evidencing that the free electron pairs are available for 

nucleophilic interaction with the metal surface from this center. The negative charge of the 

molecule-ion is also distributed on this center. As a result, it is expected that both physisorption 

and chemisorption on the metal surface occur from the same region of this compound. 

According to Koopman's theory [41,66-69], the ionization potential (I) and the electron 

affinity (A) of an inhibitor molecule are a function of the energies of the HOMO, EHOMO, and the 

LUMO, ELUMO, respectively: 

HOMOI E 
            (13)

 

LUMOA E 
        (14)

 

The absolute electronegativity (χ), and the global hardness (η) of the inhibitor compound were 

calculated using the following equations: 

2

I A





        (15)  
 

2

I A





        (16)
 

Thus, the electrons transferred from the inhibitor to the unoccupied orbitals of metal (i.e., more 

precisely, the electron-donating ability, ΔN) configure another key parameter correlating the 



  

21 
 

inhibition efficiency with parameters of the molecular structure. The parameter ΔN can be 

determined according to:  

 

 
metal inh

metal inh2

x x
N

 


 


      (17)

 

where χmetal and χinh are the absolute electronegativities of the metal and the inhibitor, and ηmetal 

and ηinh are the absolute hardness of the metal and the inhibitor, respectively. The values for the 

electronegativity of Fe
2+

 ( 2+Fe
 = 23.42 eV/mol) and Cu

+
 ( +Cu
 = 14.01 eV/mol), and their hardness 

( 2+Fe
 = 7.24 and +Cu

 = 6.28) were taken from the literature [66-68,10]. In this way, key quantum 

chemical parameters were computed, namely the total energy (Et), the energies of the HOMO 

(EHOMO) and the LUMO ( ELUMO), the energy gap ∆E (=EHOMO ─ ELUMO), the dipole moment (μ), 

and the ∆N that directly influence the interaction of the inhibitor with the metal surface. These 

parameters are listed in Table 3.  

According to the frontier molecular orbital theory, the chemical reactivity depends 

directly on the interaction of the HOMO and LUMO levels of the participating species (i.e., 

inhibitor and metal) [71]. A high energy HOMO leads to a higher electron donor ability and a 

low energy LUMO indicates easier electron accepting by the inhibitor. A low energy ∆E also 

provides an increased chemical reactivity. Thus, all these parameters can be considered as a 

criterion for good inhibition efficiency [69,71-75]. In comparison with the results reported in the 

literature (Table 4), the values of EHOMO and ΔE obtained for SNBB are significantly high 

confirming very high degree of performance of this molecule as a corrosion inhibitor for iron and 

low carbon steels.  

According to Lukovits and coworkers [72], the inhibition efficiency increases with 

increasing electron-donating ability of inhibitor to the unoccupied orbitals of metal if ∆N < 3.6. 
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In other words, higher values of ΔN correspond to better performance of the corrosion inhibitors. 

But, if ∆N > 3.6, the inhibition efficiency decreases with the increase in the value of ∆N [75,76]. 

As it is concluded from the inspection of Table 3, the results show good agreement with the 

experimental observations concerning inhibition efficiency of the SNBB for iron and copper that 

were established from the electrochemical experiments. In order to evaluate a more realistic 

picture of the inhibitor-surface interaction, the MD simulations are considered in the next 

section. 

 

3.6. Molecular dynamics simulation 

The molecular dynamics (MD) simulation approach was employed to gain more 

information about the adsorption behavior of SNBB on Fe and Cu surfaces. At the molecular 

level, the most favorable configuration of the molecules on the metal surface and the values of 

the adsorption (Eadsorption) and binding (Ebinding) energies between the organic inhibitor and the 

metal surface can be obtained by means of the MD simulation [6,39]. The equilibrium 

configurations of the SNBB on the Fe(110) and Cu(111) surfaces are depicted in Figure 10. It 

was observed that the carboxylic functional group (-COO
‾
) of the SNBB compound adsorbed on 

the iron and copper surfaces at first. Then, the remaining centers of the SNBB have moved 

gradually close to the metal surface. Therefore, as seen in Figure 10, the SNBB molecule is 

adsorbed on the metal surfaces with an almost flat orientation. This parallel configuration 

supports the maximum contact and also the higher surface coverage. To obtain more information 

about the interaction of SNBB on the iron and copper surfaces (including comprehensive 

interaction such as physical and chemical adsorption), the values of Eadsorption and Ebinding between 

the inhibitor species and the metal surfaces were calculated using equations (18) and (19)  [6,40]: 
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adsorption total surface+solution inhibitor+solution solution( )E E E E E      (18) 

binding adsorptionE E         (19) 

where Etotal represents the total energy of the simulation system; Esurface+solution is the energy of the 

system without the inhibitor; Einhibitor+solution is the energy of the system without the metal surface; 

and Esolution is the energy of the aqueous solution. The calculated adsorption and binding energies 

for the investigated systems are given in Table 5. The negative sign of Eadsorption values implies 

that the interaction between SNBB species with the metal surface is spontaneous, and more 

negative values of the adsorption energy and higher values of the binding energy can be 

attributed to the stable and strong interaction of the inhibitor on the metal surface [77]. It is 

observed in Table 5 that the binding energy of SNBB on the iron surface is almost two times 

higher than the energy determined for the copper surface. This supports the occurrence of a more 

stable and stronger interaction of the SNBB on the iron surface than on the copper surface. It has 

been reported that the organic inhibitors with unoccupied orbitals promote the formation of a 

chelate on the metal surface by accepting electrons from a d-orbital of the metal during such 

strong adsorption process [37,49]. Therefore, the SNBB species can form a stable chelate with 

the iron after strong adsorption, and this leads to a good corrosion inhibition efficiency. 

 

4. Conclusions 

The inhibition characteristics of a novel anionic carboxylic Schiff base, sodium (E)-4-(4-

nitrobenzylideneamino)benzoate (SNBB), on the corrosion behavior of iron, copper and F111 

grade steel in chloride-containing aqueous environment was investigated using a combination of 

multiscale electrochemical methods and computer simulation techniques. Potentiodynamic 

polarization analysis provided the quantification of the inhibitor efficiency and the adsorption 
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mode of SNBB for each metal, whereas scanning vibrating electrode technique measurements 

provided spatially-resolved information of the corrosion processes by identifying anodic and 

cathodic site distributions on the surface. Quantum chemical calculation and molecular dynamics 

simulation were further applied to investigate the mechanism of corrosion inhibition and to 

quantify the interaction between the inhibitor molecules and the metal surface. The following 

conclusions are derived: 

 Potentiodynamic polarization measurements supported that SNBB could act as an 

effective inhibitor for iron and carbon steel in neutral chloride-containing solution. The 

inhibition efficiency increased with the increase of SNBB concentration. The surface film 

formed on the surface of these materials produced a wider passive region that would 

break at sufficiently positive polarizations with the nucleation of corrosion pits. However, 

the use of SNBB as a corrosion inhibitor for copper was not efficient. 

 On the basis of surface-averaging electrochemical data, the adsorption of SNBB on iron 

and F111 steel was found to obey the Langmuir adsorption isotherm. Subsequent 

thermodynamic analysis revealed that the adsorption mode was of a mixed nature (i.e., 

both physisorption and chemisorption should be considered in order to account for the 

observed behaviors). 

 Spatially-resolved monitoring of the surface reactivity using SVET in situ demonstrated 

that a major change in the corrosion mechanism of iron and F111 steel occurs when 

SNBB is added to the test solution. The onset of localized corrosion sites on the exposed 

surface was greatly hindered as result of the interaction established between the inhibitor 

and the metal both under spontaneous open circuit and mild anodic polarization 
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conditions. This feature confirmed the successful formation of a stable chelate film on the 

iron surface by SNBB accounting for the observed good corrosion inhibition efficiency. 

 SVET imaging of samples containing copper and iron wires in inhibitor-free solution 

evidenced iron oxidation would be initiated from greatly localized anodic areas of high 

electrochemical activity for iron dissolution. Conversely, these electrochemical reactions 

were inhibited when SNBB was present in the aqueous phase due to the inhibitor-

containing layer formed on the iron surface. 

 The difference between the inhibition efficiencies of SNBB on iron and copper surfaces 

could be attributed to the chemical structure of the inhibitor molecule and its different 

coordination modes (η
1
-O2C-R for copper and η

2
-O2C-R for iron) with the metallic ions 

present on the metal surface. 

 The HOMO density distribution was mostly localized on the carboxylate functional 

group (-COO
‾
), which provided the active site responsible for the nucleophile reaction of 

the inhibitor molecule with the metal surface. The QC calculation results also confirmed 

the experimental trends of inhibition efficiency found for the metals investigated in this 

work. 

 The MD simulation revealed that the SNBB molecules adsorbed on the surface of iron 

and copper adopting a nearly parallel configuration. However, the binding energy value 

of SNBB on the iron surface is higher than that for the copper surface, suggesting the 

establishment of a more stable and stronger interaction of the SNBB compound on iron 

than on copper. 
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Figure captions 

 

Figure 1  

Chemical structure of sodium (E)-4-(4-nitrobenzylideneamino)benzoate (SNBB). 

 

Figure 2  

EOCP versus time curves for (a) F111 steel, (b) iron, and (c) copper immersed in 10 mM NaCl 

solution containing different concentrations of SNBB at 25 ºC. 

 

Figure 3  

Potentiodynamic polarization curves recorded for (a) F111 steel, (b) iron, and (c) copper 

immersed in 10 mM NaCl solution containing different concentrations of SNBB at 25 ºC; scan 

rate, 1 mV/s. 

 

Figure 4 

Cinh/θ versus Cinh plots obtained for (a) F111 steel, and (b) iron immersed in 10 mM NaCl 

solution containing various concentrations of SNBB at 25 ºC. 

 

Figure 5 

SVET images and optical micrographs of grade F111 steel strips immersed in (a) 10 mM NaCl, 

and (b) 10 mM NaCl + 10 mM SNBB. The samples were left at their corresponding OCP values 

in the electrolyte for 60 min before starting to record the SVET images. Tip-substrate distance: 

50 µm. 
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Figure 6  

SVET images and optical micrographs of grade F111 steel strips immersed in (a) 10 mM NaCl, 

and (b) 10 mM NaCl + 10 mM SNBB. The steel samples were polarized at -0.10 V vs. 

Ag/AgCl/(3 M) KCl. Tip-substrate distance: 50 µm.  

 

Figure 7 

SVET images and optical micrographs of an iron–copper sample immersed in (a,c) 0.01 M NaCl, 

and (b,d) 0.01 M NaCl + 0.01 M SNBB. Electrical condition of the metal wires: (a,b) electrically 

insulated, i.e. each metal at its corresponding OCP value; (c,d) electrically connected to form a 

galvanic pair. The samples were left at their corresponding OCP values in the electrolyte for 60 

min before starting to record the SVET images. Tip-substrate distance: 50 µm. 

 

Figure 8 

Sketches of the SNBB complexes formed on the (a) copper, and (b) the iron surfaces. 

 

Figure 9  

(a) Optimized structure, and electron density distributions of (b) HOMO and (c) LUMO levels in 

the SNBB inhibitor. They were obtained using the B3LYP/6-311G** methodology. 

  

Figure 10  

Top and side views of the equilibrium adsorption configurations of SNBB molecules on the (a,c) 

Fe (110), and (b,d) Cu (111) surfaces at 298 K obtained from MD simulations.  
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Table legends 

 

Table 1  

Electrochemical parameters extracted from the potentiodynamic polarization curves recorded for 

Fe, F111 steel and Cu during immersed in 10 mM NaCl solution containing different 

concentrations of SNBB at 25 ºC. 

 

Table 2  

Standard thermodynamic and equilibrium adsorption parameters for the adsorption of SNBB on 

the surface of pure iron and F111 steel immersed in10 mM NaCl solution at 25 ºC. 

 

Table 3 

Quantum chemical parameters for SNBB calculated using the B3LYP/6-311G** methodology. 

 

Table 4 

Comparison of the quantum parameters obtained for SNBB in this work with the values reported 

for other inhibitors in the literature. 

 

Table 5 

Interaction and binding energies obtained from MD simulations for the adsorption of SNBB on 

Fe (110) and Cu (111) surfaces at 298 K. 
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Table 1. Electrochemical parameters extracted from the potentiodynamic polarization curves 

recorded for Fe, F111 steel and Cu immersed in 10 mM NaCl solution containing different 

concentrations of SNBB at 25 ºC.  

 

Metal 
Cinh 

(mM) 

βa 

(mV/dec) 

βc 

(mV/dec) 

Ecorr 

(mV vs. Ag/AgCl/(3 M) 
KCl) 

jcorr 

(nA/cm
2
) 

    ηp%    θp 

Fe 0 100 -141 −389 78 ---- ---- 

 1 144 -142 −379 42 46 0.46 

 5 525 -148 −331 21 73 0.73 
 10 435 -144 −305 15 81 0.81 

        

F111 0   83 -145 −472 192 ---- ---- 
 1 169 -141 −410 65 66 0.66 

 5 315 -135 −400 37 81 0.81 

 10 701 -147 −385 17 91 0.91 
        

Cu 0 301 -115 −252 1243 ---- ---- 

 10 344   -95 −245 1221 2 0.02 
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Table 2. Standard thermodynamic and equilibrium adsorption parameters for the adsorption of 

SNBB on the surface of pure iron and F111 steel immersed in10 mM NaCl solution at 25 ºC. 

 

Metal Kads (L/mol) ΔG
0
ads  (kJ/mol) 

Fe 2341 –26.37 

F111 756 –29.17 
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Table 3. Quantum chemical parameters for SNBB calculated using the B3LYP/6-311G** 

methodology. 

 

Et (B3LYP) -25837.348 eV 

EHOMO  -2.25326 eV 

ELUMO -1.3297 eV 

E 0.9235 eV 

 19.2661 D 

2+Fe -inh
N 1.41 

+Cu -inh
N 0.906 
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Table 4. Comparison of the quantum parameters obtained for SNBB in this work with the values 

reported for other inhibitors in the literature. 

Inhibitor name EHOMO(eV) E(eV) Reference 

Sodium (E)-4-(4-nitrobenzylideneamino)benzoate -2.25 0.92 Current 
work 

2-[2-(2-benzylidenehydrazine carbonothioyl)hydrazinecarbonyl]benzoic acid -5.70 3.83 [73] 
2-[2-{2-(2-hydroxybenzylidene)hydrazinecarbonothioyl}hydrazinecarbonyl] 

benzoic acid 
-5.70 3.83 [73] 

2-[2-{2-(2-hydroxy-4-methoxybenzylidene)hydrazinecarbonothioyl} 

hydrazinecarbonyl]benzoic acid 
-5.70 3.83 [73] 

Indole -8.35 8.53 [76] 

benzotriazole -8.89 8.32 [76] 

benzothiazole -9.24 8.50 [76] 

benzoimidazole -9.31 9.24 [76] 

2-aminobenzonitrile -5.90 4.59 [30] 

3-aminobenzonitrile -5.79 4.39 [30] 

Neutral Red -5.86 2.73 [77] 

Azure A Eosinate -6.10 2.49 [77] 

Toluidine Blue -6.05 2.47 [77] 

Phenosafranin -6.13 2.88 [77] 

N-(4-methoxybenzylidene)-2-[2-((E)-2-(4-

methoxybenzylideneamino)phenyl)disulfanyl]benzenamine 
-5.72 3.75 [78] 

N-(4nitrobenzylidene)-2-[2-((E)-2-(4-

nitrobenzylideneamino)phenyl)disulfanyl]benzenamine 
-6.44 4.10 [78] 

1H-benzoimidazole -7.56 5.52 [40] 

2-(chloromethyl)-1H-benzoimidazole -8.99 6.43 [40] 

2-(pyridin-2-yl)-1H-benzoimidazole -7.27 4.39 [40] 

2-amino-N,N-dihydroxy-3H-benzoimidazol-4-amine -7.33 3.87 [40] 

N,N-dimethyl-3H-benzoimidazole-2,4-diamine -6.86 5.77 [40] 

N,N-dimethyl-3H-benzoimidazole-2,5-diamine -7.04 5.99 [40] 

N,N-dihydroxy-3H-benzoimidazol-4-amine -8.28 6.41 [40] 

(1H-benzo[d]imidazol-2-yl)methanethiol -7.64 5.67 [40] 

N,N-dihydroxy-3H-benzo]imidazol-5-amine -8.29 4.89 [40] 

2-amino-N,N-dihydroxy-3H-benzoimidazol-5-amine -7.40 4.17 [40] 

1-(1H-benzo[d]imidazol-2-yl)hydrazine -9.07 7.86 [40] 

2-chloro-1H-benzoimidazole -10.39 8.21 [40] 

1H-benzoimidazol-2-ol -10.52 8.99 [40] 

1H-benzoimidazole-2-carbonitrile -10.23 8.44 [40] 

1-methyl-1H-benzoimidazol-2-amine -9.66 8.41 [40] 

1-methyl-2-(methylthio)-1H-benzoimidazole -7.42 5.60 [40] 

1H-benzoimidazol-2-amine -10.38 9.12 [40] 

1H-benzoimidazole-2-thiol -10.40 8.47 [40] 

(1H-benzo[d]imidazol-2-yl)methanol -10.34 8.44 [40] 



  

56 
 

N,N-dimethyl-1H-benzoimidazol-4-amine -8.09 6.18 [40] 
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Table 5. Interaction and binding energies obtained from MD simulations for the adsorption of 

SNBB on Fe (110) and Cu (111) surfaces at 298 K. 

 

Systems Eadsorption  (kJ/mol) Ebinding  (kJ/mol) 

Fe (110) + SNB -564.05 564.05 

Cu (111) + SNB -288.90 288.90 

 

 

 


