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Abstract 

Experimental studies, supported by comprehensive density functional theory (DFT) and 
Monte Carlo simulation studies have been carried out on 2-(2-hydroxybenzylidene) 
hydrazinecarboxamide (SEMISCAD) and 2-((p-tolylimino)methyl)phenol (p-TOLUSCAD), 
to describe their corrosion inhibition potentials for mild steel in hydrochloric acid (HCl). The 
newly synthesized Schiff bases inhibit corrosion of mild steel in 1 M HCl, and their corrosion 
inhibition efficiencies increase with increase in concentration. Inhibition efficiencies of 79 % 
and 86 % were obtained for SEMISCAD and p-TOLUSCAD, respectively at 303 K and 
minute concentration (5 × 10-4 M). The results further revealed that p-TOLUSCAD could be 
an averagely efficient formulation to exhibit 50% inhibition efficiency, even at elevated 
temperature (343 K). Both compounds were found to inhibit corrosion at the anodic and 
cathodic sites on the steel, and they are therefore mixed-type inhibitors. Electrochemical 
impedance spectroscopy (EIS) data revealed the adsorptive nature of the molecules on the 
steel surface. SEMISCAD and p-TOLUSCAD inhibit steel corrosion by adsorbing at 
steel/HCl interface via physisorption and chemisorption mechanisms. Reactivity parameters 
predicted from DFT calculations suggested the involvement of protonated forms of the 
molecules in the inhibitive process, and p-TOLUSCAD as a potentially better corrosion 
inhibitor than SEMISCAD, which is also supported by the adsorption characteristics derived 
from Monte Carlo simulations. 

Keywords: Schiff base; Mild steel; HCl; Tafel Polarization; EIS; DFT; Monte Carlo 
Simulation 

1. Introduction 

Corrosion is the spontaneous wearing or deterioration of materials in aggressive media. This 
process has been of serious concern over the years due to its negative economic and 
environmental impacts on individuals, industries and nations. It has remained a far-reaching 
global scientific problem with devastating effects on metallurgical, chemical, food 
processing, oil industries and even human lives and properties. Consequently, series of 
studies focusing on corrosion control have been reported [1], [2], [3], [4], [5], [6], [7], [8]. 
The popularity of mild steel in industrial applications is connected with its high mechanical 
strength, relatively low cost, availability and weldability, compared to many other alloys. 
However, steels are highly vulnerable to corrosion in common aqueous environments, and the 
corrosion rate is particularly high in acidic pHs [9,10]. 

A comparative analysis of cost and efficiencies of known corrosion control methods puts the 
use of corrosion inhibitors at a rational edge [11]. An inhibitor forms a protective film at 
electrode/electrolyte interface, thereby reducing interfacial interactions between a metal (the 
electrode) and aggressive electrolyte ions. The protective film of an inhibitor on metal surface 
reduces the rate of metal dissolution in the corrosive medium [12]. Adsorption mechanism of 
an inhibitor may vary with several factors, such as concentration, pH, nature of the acid 
anion, nature of the metal, chemical substituents and functional group present, as well as the 
size of the aromatic and aliphatic moieties of the inhibitor molecule [13]. Thus, it is often not 
possible to assign a single general mechanism to an inhibitor. 

Despite their successes in corrosion control, the negative environmental impacts of inorganic 
inhibitors such as chromates, dichromates, phosphates, nitrites, and nitrates remain a huge 
demerit. The environmental unfriendliness and bio-toxicity of these compounds, especially 
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chromates, are well documented [14,15]. Thus, the quest for a less toxic, more effective and 
environmentally noble corrosion inhibitors has been on the increase in recent time. Organic 
corrosion inhibitors seems to be more promising towards achieving an eco-friendly and 
effective prevention of mild steel corrosion [1,2,5,16]. Besides the possibility of formulating 
organic corrosion inhibitors from relatively cheap and eco-friendly materials, their utilization 
proffers a relatively more convenient and effective approach to suppressing metal corrosion 
and dissolution [17,18]. 

The compositional features of organic compounds with probable corrosion inhibition 
activities include the presence of principal heteroatoms such as nitrogen (N), phosphorus (P), 
sulfur (S) and oxygen (O), and the presence of π-electrons and/or polar functional groups 
such as –OH, >C=O, –CN, –NH2, –CONH2 etc., which promote donor-acceptor interactions 
between inhibitor molecules and metallic atoms [4]. 

The presence of polar imine functional group couple with beneficial biological activities have 
favoured Schiff bases to be a large family of organic compounds often explored in the quest 
for environmentally benign corrosion inhibitors [19], [20], [21]. Though, not many reports 
have been documented on the corrosion inhibition characteristics of salicylaldehyde-based 
Schiff bases, a few studies on some compounds of this descent have demonstrated their 
potentials to inhibit metal corrosion [7,22,23]. 

In furtherance of research exposition on corrosion inhibition properties of Schiff bases, the 
present study reports the inhibition potentials of 2-(2-hydroxybenzylidene)hydrazine-
carboxamide (SEMISCAD) and 2-((p-tolylimino)methyl)phenol (p-TOLUSCAD) (Fig. 1) on 
mild steel corrosion in 1 M HCl. 

 

Figure 1. 2D molecular structures of SEMISCAD and p-TOLUSCAD. 

2. Experimental Details 

2.1. Synthesis of 2-(2-hydroxybenzylidene)hydrazinecarboxamide [SEMISCAD] and 2-
((p-tolylimino)methyl)phenol) [p-TOLUSCAD] 

For the synthesis of SEMISCAD, semicarbazide hydrochloride was first mixed with excess 
potassium carbonate (K2CO3), after which the resulting solution was mixed with equimolar 
quantity (0.0025 mol) of salicylaldehyde. In the case of p-TOLUSCAD, equimolar quantities 
(0.0025 mol) of salicylaldehyde and p-toluidine were mixed. In each case, the mixture of 
aldehyde and amine was irradiated in microwave oven for about 3 min and allowed to cool. 
The observed products were then recrystallized in ethanol. 

The synthesized compounds were characterized using melting point determination and 
nuclear magnetic resonance (NMR) spectroscopic technique. 



4 
 

2.2. Preparation of Corrosive Electrolyte Media 

The control corrosive electrolyte solution of 1 M HCl was prepared by appropriately diluting 
the stock solution of the acid (37% HCl) with distilled water. Inhibitor-containing solutions 
were prepared in 1 M HCl. Meanwhile, to ensure uniform dissolution of the Schiff bases 
used, the compounds were first dissolved in 5 mL ethanol before making up each to 1 L 
solution with 1 M HCl for a 1000 µM (taking as the stock) concentration of the inhibitors. 
Various concentrations of the inhibitors (100 µM – 500 µM) were prepared from the stock by 
serial dilution using 1 M HCl. 

2.3. Composition of Tested Alloy and Surface Pre-treatment 

The tested alloy (mild steel) is composed of essentially Fe (ca. 99.70%), and trace quantities 
of other elements (in weight percent), i.e. C (0.17), Mn (0.46), Si (0.26), S (0.017), and P 
(0.019). The surface of each mild steel sample was pre-treated by abrading it with silica 
carbide paper of graded grit sizes (600 – 1200), before washing with water, degreased in 
acetone and dried in hot air. 

2.4. Gravimetric or Weight-Loss Experiment 

The appropriateness of weight-loss method in terms of its operational simplicity and good 
reliability for corrosion inhibition studies is well known [1,2,4, 5, 24]. For this experiment, 
surface pre-treated metal coupons of a fixed dimension (1 cm by 8 cm) were pre-weighed 
before immersing in the test solutions for 3 h. The specimens were removed after the elapsed 
time, gently brushed and rinsed with water to remove loosely bound corrosion products, 
degreased in acetone and dried in warm air, and then re-weighed. This process was carried 
out for different concentrations of both SEMISCAD and p-TOLUSCAD and at different 
temperatures (40°C, 50°C, 60°C, 70°C). The weight-loss for each experiment was recorded 
(in triplicates) and the inhibition efficiency (%IW) and corrosion rate (CR) (in mgcm−2s−1) 
were computed using as [25]: 

          (1) 

           (2) 

where w0 and w represent the weight-loss values (average of triplicate measurements) 
obtained without and with various inhibitor concentrations; W0 and WN are the weights in 
grams (average of triplicate measurements) of mild steel before and after immersion into the 
corrosive media; A is the exposed surface area in cm2; and t is time in seconds. 

2.5. Electrochemical Experiments 

These experiments were carried out only at room temperature, just to have gain some insights 
into the electrochemical behaviour of the electrode/electrolyte systems being studied. The 
measurements were conducted in a glass cell equipped with the working, reference and 
counter electrodes. The working electrode (WE) is a mild steel coupon of 1 cm x 1 cm square 
dimension that has been covered with epoxy resin at one side, exposing only one side with 1 
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cm2 surface area. A Ag/AgCl, 3 M KCl was used as the reference electrode (RE), while a 
platinum plate was used as the counter electrode (CE). 

For the potentiodynamic polarization experiments, the electrochemical cell was connected to 
a PG581 potentiostat/galvanostat (from Biologic, France). The open-circuit potential (OCP) 
of the WE in each test solution was monitored for 30 min, within which a relatively stable 
OCP was assumed by the electrode. The potential of the WE was polarized (potentio-
dynamically) between -250 mV and +250 mV, relative to the OCP at the ASTM-
recommended scan rate of 0.167 mV/s. The polarization curves were analyzed using the 
corrosion fitting codes implemented in UiEcorr (version 3.08) software from Uniscan 
Instruments. Electrochemical parameters, such as corrosion potential (Ecorr), corrosion current 
density (icorr), anodic (βa) and cathodic (βc) Tafel slopes were derived from the analyses. 
Percentage inhibition efficiencies (%IP) were calculated as [26]: 

          (3) 

where i0 and ii are corrosion current densities in the absence and presence of inhibitors, 
respectively. 

For the electrochemical impedance spectroscopy (EIS) experiments, CorrTest potentiostat 
equipped with CS Studio5 software (ver. 5.3) was used. The experiments were conducted at 
the OCP by analyzing the response of mild steel electrode (1 cm2 surface area) in the 
electrolyte media to the passage of alternating current in the frequency range of 10−2 Hz to 
105 Hz at 10 mV amplitude. 

2.6. Density Functional Theory (DFT) Calculations 

DFT calculations were performed using Gaussian 09W (revised version D.01) [27]. 
SEMISCAD and p-TOLUSCAD molecules were modelled with GaussView 5.0 and 
subjected to full optimization without symmetry constraints to obtain the ground state 
minimum energies and geometries both in the gas phase and HCl medium. Calculations in 
HCl medium were carried out by treating the solvent medium with IEPCM, and the HCl 
medium was defined as having static and optical dielectric constants of 78.3 and 1.573 
respectively as described elsewhere [6]. All optimized geometries were confirmed to have no 
negative vibrational frequencies. All the calculations were carried out with the B3LYP/6-
31+G(d,p) model [28]. The relative potentials of both compounds to inhibit corrosion were 
traced to their chemical reactivity using some selected reactivity parameters, such as energy 
gap (ΔE), global hardness (η), electronegativity (χ) and electrophilicity (ω) which were 
estimated from the HOMO and LUMO energies of the optimized molecules using the 
following equations [1,29,30]: 

         (4) 

        (5) 

            (6) 
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2.7. Monte Carlo Simulations 

Since the major mode of corrosion inhibition by organic molecules is adsorption on metallic 
surface, adsorption of SEMISCAD and p-TOLUSCAD molecules on mild steel surface was 
mimicked by using the Monte Carlo simulation approach. Mild steel being essentially Fe was 
represented by Fe(110) crystal surface. Fe(110) plane was used because of its favorable 
atomic density and energetics [2,31,32]. Fe(110) crystal surface was modelled by cleaving 
the metallic Fe, which was then optimized using the Forcite force field. The optimized 
Fe(110) was made into a 10 × 10 supercell and multiple layers in 15 Å vacuum slab. The 
inhibitor molecule was made to approach the Fe(110) surface by invoking the adsorption 
locator module available in Materials Studio 2018 software suite. COMPASS force field and 
smart algorithm were used for the simulated annealing process [16]. 

3. Results and Discussion 

3.1. Synthesis and Characterization 

Both SEMISCAD and p-TOLUSCAD were synthesized and the characterization results are 
summarized in Table 1. The 1HNMR and 13CNMR spectra of the compounds are presented in 
Figures S1 and S2, respectively in the Supplementary Information. For diagnostic purposes, 
special mentions are made (from Table 1 and Figures S2) of the appearances of the expected 
8 and 12 distinct carbon peaks in the 13C-NMR spectra of SEMISCAD and p-TOLUSCAD 
respectively. Similarly, the 1H-NMR spectra of the two compounds also showed the expected 
proton peaks. Furthermore, the characterization results in Table 1 are in agreement with 
literature reports on SEMISCAD [33], [34], [35] and p-TOLUSCAD [36], [37], [38], [39], 
suggesting the successful synthesis of the two compounds. 

Table 1. IUPAC name, molecular structures, molecular formula, molecular weight, melting point and 
spectroscopic data of the synthesized compounds. 
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3.2. Weight Loss Measurements 

3.2.1. Effect of Inhibitor Concentration 

The loss in weight of mild steel, the inhibition efficiency (%Iw), and the surface coverage (θ) 
obtained at various concentrations of the inhibitors are presented in Table 2 for the 
experiments conducted at 30°C only. The continuous decrease in weight loss as 
concentrations of SEMISCAD and p-TOLUSCAD might be due to increase in surface 
coverage, which can be associated with increased number of molecules of the inhibitors that 
adsorbed on the steel surface, thereby covering the active sites. Therefore, the protection 
efficiencies of the studied inhibitors increase with increasing concentrations. 

Table 2. Weight loss, inhibition efficiency, surface coverage, and corrosion rate obtained for mild steel in 1 M 
HCl without and with various concentrations of SEMISCAD and p-TOLUSCAD at 30°C. 

 

The inhibition efficiencies of SEMISCAD and p-TOLUSCAD at 500 µM were 79% and 
86%, respectively, showing that p-TOLUSCAD is a more efficient inhibitor than 
SEMISCAD. This may be partly due to larger molecular area of p-TOLUSCAD, contributed 
by the molecular size of aromatic rings, and extended pi-electrons that might favour 
adsorption of the molecules on metallic surface. The combined effects of larger molecular 
area and aromatic pi-electrons in p-TOLUSCAD might favour its adsorption on metallic 
surface better than the increased number of hetero-atoms in SEMISCAD. 

3.2.2. Effects of Temperature Variation on Inhibition Potentials of SEMISCAD and p-
TOLUSCAD 

The effects of temperature variation on the inhibition potentials of SEMISCAD and p-
TOLUSCAD on corrosion of mild steel in 1 M HCl were investigated at 500 µM, and the 
results are plotted in Figure 2. As shown in Figure 2a, the rate of mild steel corrosion (CR) in 
the acid increases progressively from 30°C to 70°C, both in the absence and presence of the 
inhibitors. The inhibition efficiencies (%IW) of both SEMISCAD and p-TOLUSCAD 
decrease with increase in temperature. Since temperature increases the kinetic energy of an 
ion/molecule, the increase in CR with increase in temperature can be attributed to increased 
collision rate between the aggressive/corrosive acidic ions and mild steel. In addition to this 
view which holds in the absence of inhibitor molecules, the increase in CR with increase in 
temperature in the presence of inhibitor molecules can be ascribed to desorption of already 
adsorbed inhibitor molecules. 
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Figure 2. Variation of corrosion rate (CR) (a), and inhibition efficiency (%IW) (b) with temperature for 500 µM 
concentration of the inhibitors. 

The order of the %IW for the two compounds over the studied temperature range is p-
TOLUSCAD > SEMISCAD, with p-TOLUSCAD showing 49% and SEMISCAD showing 
36% inhibition efficiencies at 70°C. 

The CR-T data were fitted into the Arrhenius equation of the form: 

        (8) 

where Ea represents activation energy, R is the molar gas constant, T is the temperature and A 
represents the pre-exponential factor. The Arrhenius plots for reactions are shown in 
Figure 3a. The activation energies obtained from the slopes (−Ea/2.303R) of the respective 
Arrhenius plots are listed in Table 3 where the trend of the values of Ea is in the order p-
TOLUSCAD (30.48 kJ/mol) > SEMISCAD (29.61 kJ/mol) > Blank (19.86 kJ/mol). This 
implies that the energy barrier to the corrosion process is higher and the rate of corrosion is 
lowered in the presence of the inhibitors. The inhibitor molecules probably form protective 
layers on the mild steel surface thereby reducing its rate of dissolution in the corrosive 
medium. 

 

Figure 3. Arrhenius (a) and transition state (b) plots for the corrosion of mild steel in 1 M HCl without and with 
500 µM of SEMISCAD and p-TOLUSCAD. 
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Table 3. Activation energies (Ea), activation enthalpies (ΔH*) and activation entropies (ΔS*) for mild steel 
corrosion in 1 M HCl in the absence and presence of 500 µM of SEMISCAD and p-TOLUSCAD. 

 

To further describe the transition state behaviour of the adsorption/desorption process 
involved in mild steel corrosion in the studied media, the CR-T data were fitted into the 
transition state equation of the form [40]: 

      (9) 

where ΔH* and ΔS* represent enthalpy and entropy of activation, respectively, h is the 
Planck's constant and N is Avogadro's constant. The ΔH* and ΔS* values were calculated 
from the slope and intercept of the plots of log CR/T against 1/T, which are shown in 
Figure 3b, and the results obtained are also listed in Table 3. 

The positive values of ΔH* in Table 3 indicate that the formation of activated complex during 
the corrosion process is endothermic [5]. The values of ΔH* in the presence of the inhibitors 
revealed high-energy activated complexes that can readily transform to a steel-inhibitor 
complex. The negative ΔS* values suggest that the activated-complex formation step is an 
associative process which lowers the entropy of the system through production of a more 
ordered species. The higher values of ΔS* compared to the blank are indications of the 
involvement of larger molecules/species in the activated complexes of the inhibitor-
containing process than those (water and oxides) involved in the absence of the inhibitors. 
The entropy of activation increases as water molecules are desorbed from the steel surface 
while the inhibitor molecules are being adsorbed onto the surface. Since the rate determining 
step is the discharge of hydrogen ions to form adsorbed hydrogen atoms [5], the presence of 
inhibitor molecules on the steel surface will therefore slow down the discharge of hydrogen 
ions at the metal surface causing increased disorderliness in the system, and hence, relatively 
high entropy of activation. 

3.3. Adsorption Isotherms 

The major mechanism by which organic molecules inhibit metal corrosion is through 
adsorption onto the metallic surface. A better understanding of corrosion inhibition 
mechanism is often sought from the point of view of adsorption isotherms. In view of this, 
the adsorption behaviors of SEMISCAD and p-TOLUSCAD on mild steel surface were 
investigated by treatment of the experimental surface coverage data (Table 1) with different 
adsorption models, which include Langmuir, Freundlich and Temkin, isotherms. The 
correlation coefficient (R2) values indicate that the adsorption of the studied inhibitors on the 
steel surface in 1 M HCl solution obeys the Temkin adsorption isotherm model. A linear form 
of the isotherm is [41,42]: 

                  (10) 
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where θ is the surface coverage, C is inhibitor concentration, Kads is adsorption equilibrium 
constant, and “a” is the molecular interaction parameter. The change in Gibb's free energy 
(ΔGads) of adsorption was determined from Kads value using the relation: 
 

                  (11) 

where R is gas constant, T is absolute temperature and 55.5 is the molar concentration of 
water in the bulk solution [5]. 

The Temkin adsorption isotherms are shown in Figure 4. The adsorption parameters and the 
derived ΔGads values are listed in Table 4. The results suggest that both SEMISCAD and p- 

 

Figure 4. Temkin isotherm plots for the adsorption of SEMISCAD and p-TOLUSCAD at steel/HCl interface. 

Table 4. The values of Kads and ΔGads for the adsorption of p-TOLUSCAD and SEMISCAD on mild steel in 1 
M HCl at 303 K. 

 

TOLUSCAD molecules have favourable adsorption at the steel/HCl interface. Though a 
slightly larger value of Kads was obtained for SEMISCAD, compared to p-TOLUSCAD, the 
molecular interaction parameters suggest more intermolecular repulsion at the adsorption 
layers of SEMISCAD compared to p-TOLUSCAD. The values of ΔGads for the two 
compounds also suggest the interplay of physical and chemical adsorption mechanisms [43]. 

3.4. Electrochemical Measurements 

3.4.1. OCP-time profile and potendiodynamic polarization measurements 

The open circuit potential (OCP) profiles of the corrosion of mild steel in the studied media 
were recorded from 0 min to 30 min and the plots are shown in Figure 5a. The profile 
revealed that the electrochemical systems attained a relatively steady potential within 30 min 
of steel immersion in the electrolytes. The electrode potentials in the presence of the 
inhibitors are more cathodic than that of the blank, suggesting that the inhibitive effects of the 
compounds are more pronounced on the cathodic half-reaction of the corrosion process. 
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Figure 5. OCP-time Profiles for mild steel in 1 M HCl (without inhibitor, i.e. the blank), and systems containing 
500 µM SEMISCAD and p-TOLUSCAD (a); and potentiodynamic polarization curves for mild steel in 1 M 
HCl without and with different concentrations of (b) SEMISCAD and (c) p-TOLUSCAD, at room temperature. 

Table 5. Potentiodynamic polarization parameters for mild steel in 1 M HCl in the absence and presence of 
different concentrations of the studied inhibitors at room temperature. 

 

*Ecorr was recorded in mV vs Ag/AgCl, 3 M KCl 
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Potentiodynamic polarization curves for mild steel in 1 M HCl without and with different 
concentrations of SEMISCAD and p-TOLUSCAD at room temperature are shown in 
Figures 5b and 5c, respectively. The curves are shifted to lower current region by the addition 
of the inhibitors. The cathodic arms of the curves appear at orderly decreased current regions 
with increasing concentration of the inhibitors, suggesting that the cathodic hydrogen gas 
evolution reaction is essentially controlled by the increasing amount of the inhibitor 
molecules. Electrochemical corrosion parameters such as corrosion potential (Ecorr), anodic 
and cathodic Tafel slopes (βa and βc, respectively), and corrosion current density (icorr) were 
obtained by extrapolating the linear portions of the anodic and cathodic polarization curves to 
the corrosion potential. The results are presented in Table 5 along with the corrosion 
inhibition efficiency (%IP) values which were calculated from icorr using Equation 2. 

The results showed a decrease in icorr value from the blank to the inhibitor-containing acid 
solution. The icorr value decreases with increase in inhibitor concentration and this is 
accompanied by a slight shift in Ecorr value. An inhibitor is classified as anodic inhibitor if the 
shift in Ecorr value relative to the blank is above 85 mV in the direction of the anode, cathodic 
if the shift is above 85 mV in favor of the cathode, and mixed-type if the shift is less than 85 
mV [16,27]. There is only a slight difference between the Ecorr of the blank and inhibitor-
containing systems (as shown in Table 5). This suggests that the studied compounds are 
mixed-type corrosion inhibitors, inhibiting both the anodic dissolution of mild steel and the 
cathodic evolution of hydrogen gas. The inhibitors reduce the corrosion current density (icorr), 
and the values of icorr at the maximum concentration of the inhibitors are in the order p-
TOLUSCAD < SEMISCAD. The order of inhibition efficiencies of the compounds is p-
TOLUSCAD > SEMISCAD, which is agreement with the observed trend of inhibitive 
potentials from the weight-loss measurements (Table 2). 

3.4.2. Electrochemical impedance spectroscopy (EIS) measurements 

The results of EIS measurements are presented as Nyquist and Bode plots in Figure 6, Figure 
7 respectively. The Nyquist plots exhibit depressed capacitive loop that results in imperfect 
semicircular profiles. This feature has been described as frequency dispersion phenomenon 
that is characteristic of solid electrode systems, and it is associated with roughness and 
inhomogeneity of electrode surface [44]. The single capacitive loop in the Nyquist plots 
together with the appearance of only one time-constant in the Bode plots suggests that the 
studied compounds behave as interfacial inhibitors and mitigate mild steel corrosion in the 
studied electrolyte via simple surface coverage [45]. The diameter of the Nyquist plots 
increases with increasing concentration of the inhibitors, suggesting that the inhibition 
potentials of the compounds have direct relationship with the amount of the Schiff bases in 
solution. The increase diameter of the Nyquist plots is indicative of increased impedance to 
the follow of charges across steel/electrolyte interface. A reduced charge transfer process 
implies a reduced corrosion rate. In addition, it was observed that the EIS profiles show no 
significant difference between the blank and inhibitor-containing systems, which suggests 
that the addition of the studied inhibitors does not alter the corrosion mechanism of mild steel 
in 1 M HCl. This further corroborates the fact the molecules inhibit the corrosion of steel by 
simple surface coverage. 
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Figure 6. Nyquist plots for mild steel in 1 M HCl in the absence and presence of different concentrations of (a) 
SEMISCAD, (b) p-TOLUSCAD, and (c) representative fitting regime for the blank experiment, showing 
equivalent circuit and percentage errors. 

 

Figure 7. Bode plots for mild steel in 1 M HCl in the absence and presence of different concentrations of (a) 
SEMISCAD, and (b) p-TOLUSCAD. 

The EIS spectra were analyzed with the CS Studio5 (ver. 5.3) fitting codes by using the 
equivalent circuit shown as an inset in Figure 6c. The overlaid experimental and fitted data in 
Figure 6c and the residual percentage errors showed that the adopted equivalent circuit is 



14 
 

suitable for simulating the experimental data. The inclusion of constant phase element (CPE) 
in the circuit is to ensure a good fit of the experimental data and proper description of the 
adsorptive behaviour of the inhibitor molecules. The CPE impedance can be described by the 
equation [1,44, 45]: 

                    (12) 

where Yo is the CPE or proportionality constant, j is the imaginary number, ω is the angular 
frequency, and n is a CPE exponent or phase shift. The double layer capacitance were 
determined from the relation [44]: 

                    (13) 

The percentage inhibition efficiency (%II) was estimated from the polarization/charge 
transfer resistance (RP) as: 

                    (14) 

where  and  are the charge transfer/polarization resistances for the blank and inhibitor-
containing systems respectively. 

Table 6. EIS parameters for mild steel in 1 M HCl in the absence and presence of different concentrations of the 
studied inhibitors at room temperature. 

 

The EIS parameters derived from the fitting regime are listed in Table 6. The values of Rp and 
also %II increase with increasing concentrations of SEMISCAD and p-TOLUSCAD. The 
results showed higher values of %II for p-TOLUSCAD than SEMISCAD, which is in 
agreement with the observed results from polarization measurements. The values of Cdl for 
the inhibitor-containing systems are lower than that of the blank, which suggests the presence 
of double layer capacitive film at the electrode/electrolyte interface in the presence of 
inhibitors. The decreasing values of Cdl with increasing concentration of the inhibitors is due 
to increasing thickness of the double layer formed by the adsorbed film of the inhibitor 
molecules. The closer values of n (in Table 6) to unity in the presence of inhibitor molecules 
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is another indication of adsorbed film of inhibitor molecules on the steel surface and suggests 
pseudo-capacitive behaviour of the interface. 

Though direct comparison of performances of organic corrosion inhibitors is difficult to 
generalize because many factors are at play, a quick glance at the literature revealed relative 
performances of the studied compounds compared to few others previously reported. The 
inhibition efficiencies of some Schiff bases that had been assessed as corrosion inhibitors for 
mild steel in 1 M HCl using EIS method are listed in Table 7 alongside the studied 
compounds. The data in Table 7 show that the studied compounds also perform reasonably 
well as corrosion inhibitors in the family of Schiff bases that have been investigated for 
similar application. 

Table 7. Comparative list of corrosion inhibition efficiencies (at 500 µM) of some Schiff bases in literature and 
the studied compounds applied for mild steel in 1 M HCl. 

 

3.5. Density Functional Theory (DFT) Calculations 

The ground state optimized structures of SEMISCAD and p-TOLUSCAD molecules and 
their protonated forms in the gas phase are shown in Figure 8. The electron density graphics 
of their respective highest occupied molecular orbitals (HOMO) isosurfaces are shown in 
Figure 9, while the corresponding isosurfaces of the lowest unoccupied molecular orbitals are 
shown in Figure S3 (Supplementary Information). The neutral molecule of SEMISCAD is 
more planar than p-TOLUSCAD, which has the methylbenzene ring of the p-toluidine 
twisted ca. 40o out-of-plane in reference to the other part of the molecule. However, the 
protonated form of p-TOLUSCAD, i.e. [p-TOLUSCAD-H]+ is more planar than that of 
SEMISCAD, i.e. [SEMISCAD-H]+. If the inhibition efficiencies of the molecules where to be 
correlated with their planarity, it could be assumed that the higher inhibition efficiency of p-
TOLUSCAD is due to the favorable adsorption of [p-TOLUSCAD-H]+, its more planar 
protonated form compared to [SEMISCAD-H]+. 
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Figure 8. Optimized structures of the neutral and protonated species of the studied molecules (in gas phase). 
Carbon (grey), Hydrogen (white), Nitrogen (blue) and Oxygen (red). 

 

Figure 9. HOMO electron density isosurfaces of the neutral and protonated species of SEMISCAD and p-
TOLUSCAD (in the gas phase). 

The HOMO electron density surface reveals the parts of a molecule with the highest chance 
of donating electrons into appropriate vacant orbitals of an acceptor. The electron density 
distribution of the frontier molecular orbitals (Figure 9) showed that the HOMO orbitals of p-
TOLUSCAD and its protonated form are predominantly of pi-character and the electron 
density is extended over the entire aromatic system and the pi-electron networks which might 
favor forward electron donation to the vacant d-orbital of the metal (Fe in mild steel) for 
donor-acceptor interactions. Since the larger percentage of the electron density of p-
TOLUSCAD is on the p-toluidine, the forward donation from the molecule to vacant d-
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orbitals of Fe will most likely come from the p-toluidine moiety. SEMISCAD also exhibits a 
widely distributed HOMO electron density over the entire molecule. However, the HOMO 
electron density of [SEMISCAD-H]+ is densely distributed over the salicylaldehyde moiety, 
suggesting that the adsorption of the molecule on steel surface in acidic medium might be via 
the aromatic ring. This suggests that the benzene ring will be responsible to a very large 
extent for electron donation into vacant d-orbitals of Fe. 

The quantum chemical reactivity parameters such as energy gap, global hardness, 
electronegativity and electrophilicity, which were calculated from the HOMO and LUMO 
energies (i.e. EHOMO and ELUMO, respectively) of the molecules are listed in Table 8. The 
ability of a molecule to donate or accept electrons can be predicted from its EHOMO and ELUMO 
values. A molecule with high EHOMO value has a better chance of donating electrons to an 
acceptor molecule while a molecule with a high ELUMO value has lower tendency of accepting 
electrons from a donor. 

Table 8. Some Quantum Chemical Parameters for the Studied Compounds. 

 

The order of decreasing value of EHOMO is p-TOLUSCAD > SEMISCAD for both the neutral 
and protonated species, both in the gas phase and in the modelled acidic medium (Table 8). 
This aligns with the ranking of the observed inhibition efficiencies which can be attributed to 
the presence of more than one aromatic ring in p-TOLUSCAD. Of course, this is not 
unexpected since iminium compounds containing aromatic rings generally exhibit high 
inhibition potentials to an extent that depends on the number of rings present [49]. 

HOMO-LUMO energy gap (∆E) is a parameter that gives information on the overall 
stability/reactivity of a molecule from quantum chemical perspective. The smaller the ∆E, the 
higher the reactivity. In this regard, the protonated species appear to be generally more 
reactive than the neutral forms of the molecules. Global hardness (η) provides information on 
the resistivity of a molecule to change in electron density and/or electronic configuration. The 
higher the hardness of a molecule (i.e. the higher the value of η), the lower its reactivity and 
vice versa. On the other hand, electronegativity (χ) provides insight on the ability of a 
molecule to keep its electrons to itself and prevent them from being released to an acceptor. 
A molecule with high value of χ would not release its electrons readily to an acceptor. More 
so, electrophilicity (ω) can be described as a measure of the affinity of a molecule for an 
incoming electron. Low electrophilicity value suggests small electrophilic character but high 
nucleophilic behavior. 

Comparing the studied inhibitors on the basis of energy gap, hardness and electronegativity, 
and using the protonated forms of the molecules in acidic medium (since it represents the 
experimental condition better), it is evident from Table 8 that [p-TOLUSCAD-H]+ is softer, 
more reactive and less electronegative than [SEMISCAD-H]+. This suggests that p-
TOLUSCAD is more predisposed to donor-acceptor interaction with mild steel (i.e. Fe) 
compared to SEMISCAD, which is in tandem with the trend of inhibition efficiencies 
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observed from the experiments. The overall view of electrophilicity values in Table 8 
suggests that [p-TOLUSCAD-H]+ is more nucleophilic, that is, has the potential to attack a 
positively charged centre (like Fe surface saturated with positively charged ions) more than 
[SEMISCAD-H]+. 

3.6. Monte Carlo Simulations 

In the recent time, molecular dynamic simulation has been identified as a powerful and 
reliable theoretical approach to investigating the adsorption behavior of inhibitor molecules 
on mild steel surfaces [1,16]. It helps in visualizing possible changes in the configuration, 
orientation and even some geometrical properties of the molecules upon adsorption thereby 
providing more insights on the adsorption strength and mechanism. 

In the present study, the adsorption of SEMISCAD and p-TOLUSCAD on Fe(110) cleaved 
surface are investigated by Monte Carlo Simulations and the equilibrium configurations of 
the adsorbed molecules are shown from the side view in Figure 10. It is apparent from the 
figure that the molecules adsorbed in near-flat orientation on the Fe surface, which is 
favorable to the protection of the metallic surface. The adsorption energies (Eads) shown in 
the figure were calculated using the equation: 

                 (15) 

where E[Fe-inh] is the total energy of the optimized Fe/inhibitor complex, EFe is the energy of 
the optimized Fe(110) substrate and Einh is the energy of the optimized inhibitor molecule. 

 

Figure 10. Equilibrium Configurations of p-TOLUSCAD/Fe(110) and SEMISCAD/Fe(110). 

A large negative value of Eads indicates a strong and spontaneous adsorption on the metallic 
surface, and the larger the negative value, the more the strength and spontaneity of the 
process. Thus, the values of Eads obtained for the two systems (Figure 10) suggest that the 
adsorption of the molecules on Fe(110) surface is strong and spontaneous, but that the 
molecule of p-TOLUSCAD adsorbs better on the surface than SEMISCAD molecule. This 
observation is in agreement with the trend of inhibition efficiencies obtained from the 
experimental studies. 
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4. Proposed Inhibition Mechanism 

A number of factors determine the mode of actions of organic compounds in inhibiting metal 
corrosion. These include the surface charge of the metal in an electrolyte, which invariably 
depends on the potential of zero charge (PZC), the type of heteroatoms or lone-pair electrons 
in the inhibitor molecule, and the proton affinity of the inhibitor molecule [50]. Two major 
modes of adsorption have been widely proposed for inhibition of steel corrosion in acid by 
organic compounds [51]. Neutral molecules of the inhibitor may be adsorbed on the steel 
surface via sharing of lone-pair electrons on the heteroatoms with the vacant d-orbitals of Fe, 
or donor-acceptor interactions between the pi-electrons of inhibitor molecules and d-orbitals 
of Fe, leading to chemical adsorption. On the other hand, it had been proven that steel surface 
becomes positively charged when immersed in acidic solution, such that adsorption of 
protonated organic base molecules could be facilitated by electrostatic interactions with 
chloride ions at/near the steel surface [50], [51], [52], leading to physisorption mechanism. 

In the present study, the values of Gibb's free energy of adsorption derived from the 
experimental data (vide supra Table 4) suggest that the adsorption of SEMISCAD and p-
TOLUSCAD molecules on mild steel surface in 1 M HCl involves both physisorption and 
chemisorption mechanisms. Though the decrease in inhibition efficiency with increasing 
temperature (vide supra Fig. 2) suggests physisorption mechanism [51], the fact that quantum 
chemically derived reactivity indices for both the neutral and protonated forms of the 
molecules agree with the order of inhibition efficiencies also points at the possibility of dual 
mechanisms, involving both neutral and charged inhibitor molecules. 

In the instance of chemisorption, the neutral molecules of the Schiff bases tend to donate the 
lone-pair electrons on heteroatoms (e.g. N-atom of the >C=N group) to the vacant d-orbitals 
of Fe. The inhibitor molecules can as well establish covalent bond with Fe via the pi-
electrons network, involving forward and retro/back-donations [53]. Since the Schiff bases 
can readily be protonated in the acid, and the steel surface is essentially positively charged in 
the acid, relative to the potential of zero charge, it is expected that negatively charged 
chloride ions will be electrostatically driven to the positively charged steel surface. The 
protonated inhibitor molecules, that is [SEMISCAD-H]+ and [p-TOLUSCAD-H]+ can then be 
adsorbed on the chloride layer via electrostatic interactions between oppositely charged ions. 
This mechanism is depicted as shown in Figure 11. 

 

Figure 11. Images that depict the mechanism of adsorption of SEMISCAD (left-hand side) and p-TOLUSCAD 
(right-hand side) on mild steel surface. 
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5. Conclusion 

Semicarbazide and p-toluidine derivatives of salicylic aldehyde have been synthesized and 
characterized using FTIR, 1HNMR and 13CNMR as well as melting point. The inhibitive 
properties of these compounds on mild steel corrosion in 1 M HCl have also been 
investigated using gravimetric analysis, electrochemical studies, quantum chemical 
calculations and molecular dynamic simulations. The following conclusions were drawn from 
the study: 

1. SEMISCAD and p-TOLUSCAD were successfully synthesized as suggested by the 
characterization results. 

2. Both compounds showed substantial inhibitive activities for mild steel corrosion in 1 
M HCl solution. Their inhibition efficiencies increased with increasing concentration. 

3. The studied compounds inhibit both anodic mild steel dissolution and cathodic 
hydrogen gas evolution reaction. 

4. The compounds adsorbed at electrode (steel)/electrolyte (acid) interface to form 
pseudocapacitive protective film and mitigate charge transfer across the interface. 

5. Experimental data for the adsorption of the studied molecules at steel/HCl interface 
fitted into the Temkin isotherm model, and the process was suspected to involve both 
physical and chemical adsorption mechanisms. 

6. The inhibition potentials of p-TOLUSCAD compared to SEMISCAD might be as a 
result of its higher electron-donating ability, and the protonated forms of the 
molecules are mostly likely involved in adsorption at steel/HCl interface. 

7. Experimental results are corroborated by both the DFT calculations and Monte Carlo 
simulations results. 
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