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Experimental and Theoretical Studies of Tailor-made Schiff Bases as Corrosion Inhibitors 
for Carbon Steel in HCl
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Strong acids used in industrial applications as cleaning, descaling, among others, can severely 
damage metallic structures, requiring corrosion inhibitors to diminish or avoid these issues. Since 
many conventional compounds used for this purpose may result in environmental and human health 
issues, eco-friendly compounds such as Schiff bases have been recently investigated. The synthesis 
of three novel Schiff bases (SBs) was confirmed by infrared spectroscopy (FTIR) and hydrogen 
nuclear magnetic resonance (1H-NMR). Weight loss measurements were carried out in 1 M HCl 
over 303K-333K. Furthermore, the combination of these compounds with a surfactant improved the 
efficiencies, reaching an efficiency of 93%. Optical and scanning electron microscopies confirmed 
the reduced roughness and pit depths of carbon steel samples. Density-functional theory calculations 
for neutral forms of SBs revealed that the geometrical and the energetical parameters are similar for 
the three studied SBs. The geometrical results exhibited more planar structures of protonated species, 
improving the chemical and physical interactions between aromatic rings and metallic atoms.
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1. Introduction
Carbon steel is the most widely used engineering 

material due to its good mechanical properties and low 
cost1-3. Nevertheless, steel corrosion remains a serious 
problem since it is applied in most industrial sectors, where 
severe conditions such as high temperatures and acidic pH 
values can increase directly and indirectly the costs related 
to corrosion4. In that sense, corrosion inhibitors represent a 
common and efficient method to minimize costs related to 
material degradation in acid cleaning processes5-7.

Among the organic compounds frequently employed in 
industrial operations (as acid cleaning and pickling), aromatic 
heterocyclic chains containing N, S, O and π-electrons present 
great potential to be considered as adsorption corrosion 
inhibitors. Thus, commercial organic inhibitors are commonly 
constituted of amides, imidazolines, quaternary nitrogen, 
polyoxyalkylated amines, salts of nitrogenous molecules 
with carboxylic acids, nitrogen heterocyclics, or imides, 
also known as Schiff bases (SB)8,9. The latter are organic 
compounds containing R2C═NR, which forms a complex 
with metal ions through coordination bonds10. They have 
proved to be cheap starting precursors with a relatively easy 
synthetic route, high purity, low toxicity, thermal stability, and 

eco-friendliness, which encouraged synthesis, structural and 
anti-corrosion performance studies of new SB compounds11.

Satpadi et al.12 investigated Schiff bases composed 
of cinnamaldehyde and three different amino acids with 
concentrations varying from 0.05 to 1.0 mM, achieving 
efficiencies above 96% at 333 K after weight loss measurements. 
Okey et al.13 compared four SBs in 1 M HCl from 0.10 to 
1.00 mM, achieving efficiencies from 87.33 to 97.02% in 
polarisation tests. El Aatiaqui et al.14 studied new Schiff 
base from Imidazo(1,2-a)pyridine in 1 M HCl by weight 
loss measurements at 308 K from 10-3 to 10-5 M, achieving 
97% efficiency.

The present work aims to analyze three novel Schiff 
bases, synthesized and characterized by FTIR and 1H-NMR, 
correlating their inhibition efficiencies, obtained through 
electrochemical and weight loss measurements, not only with 
uniform corrosion, as most works do, but also with localized 
corrosion. The SBs were evaluated at the concentrations 
of 100 and 600 ppm in 1 M HCl, analyzing temperature 
effects (303 K, 318 K and 333 K). The combination with 
two surfactants, an ethoxylated nonyl phenol (A1) and an 
ethoxylated lauryl alcohol (A2), was also investigated. The 
purpose of studying the possibility of synergism with surfactants 
lies in the fact that they may increase the SBs miscibility in 
the acidic media, allowing better surface coverage, and the *e-mail: luana_bf18@eq.ufrj.br
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synergic interaction with the SB, influencing the inhibition 
efficiency. Scanning electron microscopy and contact angle 
measurements were employed to understand the organic 
film (SB + surfactant) deposition on the metallic surface. 
Additionally, the potential of the novel SBs as corrosion 
inhibitors for metallic surfaces was analyzed by theoretical 
calculations based on density functional theory (DFT).

2. Experimental
The experimental procedure employed to obtain the 

Schiff bases, as well as the characterization and gravimetric 
corrosion tests steps are summed up in Figure 1.

2.1. Schiff bases synthesis
The experimental procedure herein applied was adapted 

from the method reported by Elemike et al.11,15. Equimolar 
amounts of the precursor amines (aniline, o-toluidine and 
4-ethylaniline) and the 4-dimethylaminobenzaldehyde 
(99%, Sigma-Aldrich) were dissolved in absolute ethanol 
(99.8%, max. 0.01% H2O), and then mixed with glacial 
acetic acid. The mixture was heated and refluxed for 2 
hours, so the reactions between each aromatic amine and 
4-dimethylaminobenzaldehyde, described in Figure 2, could 
proceed. Afterward, the resulting mixture was recrystallized 
3 times with anhydrous ethanol, and the resulting solid was 
weighed and dried at 313 K until constant weight.

2.2. Characterization
The Schiff bases crystals were analyzed using a Thermo 

Scientific Nicolet 5 Fourier-transform infrared spectrometer 
at 293 K. In total, 20 scans were collected with wavelengths 
ranging from 4000 to 650 cm-1 and a resolution of 4.00 cm-1. 

The SBs were also analyzed by Proton Nuclear Magnetic 
Resonance in a Varian Mercury VX 300 spectrometer at 313 
K by dissolving 10-15 mg of the SBs in 0.8 mL of deuterated 
chloroform (CIL 99.8% d). The observation frequency was 
299.99 MHz with 20 scans and an interval between pulses 
(delay-d1) of 20 s. The obtained data were analyzed with 
MestreNova 11.04 software version using Fourier Transform.

2.3. Weight loss measurements
Schiff bases inhibition performances were evaluated by 

weight loss measurements applying replicates, considering the 
temperature (303 K, 318 K and 333 K) and SBs concentration 
(100 and 600 ppm) as variables. Also, the synergistic effect 
between 585 ppm of SB and 15 ppm of surfactants (A1 
and A2) was evaluated at 333K. The additive A1, under the 
commercial name of Renex 65 (HLB (hydrophilic-lipophilic 
balance) 11.0), is an ethoxylated nonyl phenol (6.5 OE). The 
hydrophobic part of the molecule comes from a nonylphenol 
and the hydrophilic part from an ethylene oxide. Additive A2, 
Unitol L90 (HLB 13.4), is an ethoxylated lauryl alcohol (9 OE), 
whose hydrophobic part of the molecule is a lauryl alcohol 
(dodecanol), and the hydrophilic part is an ethylene oxide.

Mild steel (API P110) specimens used in the assays 
presented the following chemical composition (wt.-%): 
C (0.280), Mn (1.220), Si (0.280), P (0.016), S (0.002), 
Ni (0.010), Mo (0.110), and Fe (balance). The coupons 
used for gravimetric tests presented a rectangular shape 
(8 mm × 20 mm × 5 mm) with a 3 mm diameter central orifice, 
and were prepared before and after immersion according to 
ASTM G31 standard practice16. The gravimetric tests were 
performed in a 300 mL autoclave for 24 h to calculate the 
uniform corrosion rate according to ASTM G31, as shown 
in Equation 1, where K is a constant, Δm is the weight loss 
of the sample, A is the superficial area, ρ is the density of 
the sample, and t is the immersion time16.
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The inhibiting efficiency (IEWL) was calculated according 
to Equation 2, where CRblank and CRinh stand for the corrosion 
rates in the absence and presence of the inhibitor, respectively.
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2.4. Electrochemical tests
Carbon steel samples used in electrochemical tests were 

welded to copper wires and had their lateral and rear surfaces, 
and electrical connections insulated by epoxy resin. In order 
to avoid crevice corrosion, prior to immersion, the studied 
surface was masked with liquid insulating tape, exposing 
an area of approximately 0.7 cm2. Accurate area values 
were calculated after the essay using the optical microscope 
Smartzoom 5 (Zeiss).

Electrochemical measurements comprised open-circuit 
potentials (OCP) monitoring for 120 min, which was 
experimentally determined in order to reach a steady-state 
potential condition, followed by electrochemical impedance 

Figure 1. Schiff bases synthesis, characterization, and gravimetric 
corrosion test steps.
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spectroscopy (EIS) and potentiodynamic polarization (PDP). 
The electrochemical tests were performed at room temperature, 
by an Autolab Potentiostat/Galvanostat (PGSTAT302N, 
Metrohm) computer-controlled instrument, with NOVA 2.1 
software for electrochemical impedance spectroscopy and 
potentiodynamic polarization. A three-electrode cell was used, 
with a carbon steel sample (working electrode), a large-area 
platinum wire (counter-electrode), and a saturated calomel 
electrode (reference electrode).

EIS measurements were performed using a sinusoidal 
wave with an amplitude of 10 mV and frequency range of 
105 Hz to 10-1 Hz acquiring 8 measures per frequency decade, 
while PDP curves were obtained by polarizing carbon steel 
samples from – 300 mVSCE to +700 mVSCE regarding the 
OCP, at a scan rate of 0.333 mV s-1. At least two replicates 
were performed for each sample.

The considerably low scan rate is usually applied and 
presented in the adopted literature to clearly observe reactions 
stages17,18. The inhibiting efficiencies obtained from EIS and 
polarization curves were calculated according to Equations 3 
and 4, respectively.

( ) 0 
% 100 ctinh ct

EIS
ctinh

R R
IE

R
 −

= ×  
   (3)

( )  
% 100 corr corrinh

PDP
corr

I I
E

I
 −

= ×  
 

 (4)

The parameter Rct stands for the charge transfer resistance, 
and Icorr the corrosion density current. The subscripts “inh” 

and “0” refer to the presence and absence of the inhibitor, 
respectively. The values of Rct were obtained from EIS 
electrochemical fitting, using the software Zview, while 
corrosion currents were obtained by Tafel extrapolation 
from the polarization curves, using the software NOVA 2.1.

2.5. Surface analysis – scanning electron 
microscopy and optical microscopy

Carbon steel surfaces analyzed by SEM (Hitachi TM 
3030 Plus) were primarily submitted to corrosion tests, with 
and without corrosion inhibitors and the surfactant, rinsed 
with distilled water and acetone, dried, and conducted to 
surface morphology assessment.

Optical microscopy (Smartzoom 5, WEISS) was also 
performed on carbon steel surfaces after weight loss tests 
and chemical etching in order to obtain a macro visualization 
of the coupon and possible localized corrosion processes, 
such as pitting. The largest pits detected in each sample 
were analyzed by the Smartzoom built-in 3D surface 
reconstruction tool, enabling the determination of its depth 
and width. As previously mentioned, optical microscopy 
was also employed to obtain the exposed area of samples 
used in electrochemical tests.

2.6. Molecular modeling - computational details
Complete optimization of the SB1, SB2, and SB3 structure 

models in their neutral and acidic forms was performed based 
on the density functional theory (DFT) in the gas phase. 
Theoretical calculations were achieved using the B3LYP19 

Figure 2. Synthetic route for Schiff bases SB1 (a), SB2 (b) and SB3 (c).
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functional and the base function 6-31G(d,p) in the description 
of all atoms, implemented by the Gaussian 09 package20. 
Electronic and quantum parameters, such as the energy of 
the busiest orbital (EHOMO) and of the least vacant orbital 
(ELUMO), band-gap energy, hardness and soft, Mulliken partial 
charges on the HOMO and LUMO orbitals were calculated 
based on the most stable neutral and protonated molecules.

3. Results

3.1. Characterization

3.1.1. FTIR
The FTIR spectra of the amines used as SBs precursors 

exhibited two characteristic bands for the N–H stretching 
at 3427 and 3353 cm-1 for aniline, 3445 and 3373 cm-1 for 
o-toluidine, and 3424 and 3348 cm-1 for 4-ethyl-aniline. The 
FTIR spectra of the inhibitors did not show the absorption 
bands referring to the functional groups N–H of the amines, 
indicating that they were absent after the reaction. Confirming 
SBs formation, the absorption band for the C=N stretch of 
imines was observed at 1662-1679 cm-1. Imines exhibit an 
absorption band of varying intensity between 1690 and 
1640 cm-1, which is very close to the absorption range of 
the C=C bond11,15,21,22.

The spectra also exhibit bands at 2983-2714, 2983-2815 
and 2962-2813 cm-1 for SB1, SB2, and SB3, respectively, which 
are related to the Csp3–H stretch of aromatic rings. There are 
also bands at 807-838 cm-1 for angular deformation of C–H 
from 1,4-disubstituted aromatic ring phenol23,24. In the spectra 
of SB2, there are also bands at 724 and 779 cm-1 related to 
C–H angular deformation from 1,2-disubstituted aromatic 
ring phenol23. Moreover, bands at 1312 and 1362 cm-1 for 
SB1, 1316 and 1363 cm-1 for SB2, and 1314 and 1372 cm-1 
for SB3 are related to C–N stretch of aromatic tertiary amine.

3.1.2. 1H-NMR
The 1H-NMR spectra showed intense doublets with 

chemical shifts (δ) in 3.04 and 3.07 ppm for inhibitors SB1 
(Figure 3a), SB2 (Figure 3b), and 3.06 and 3.09 ppm for SB3 

(Figure 3c), related to the hydrogens of the methyl groups 
(–N(CH3)2). Peaks between 6.68 and 7.80 ppm in all spectra 
refer to aromatic hydrogens, except for the singlet referring 
to CDCl3 solvent deuterium in 7.27 ppm for SB3. The peaks 
at 8.31 ppm (SB1), 8.21 ppm (SB2) and 8.35 ppm (SB3) 
refer to the hydrogens of the iminic group (N═CH). These 
peaks confirm the formation of the Schiff bases from the 
condensation reactions11,15,22,25-27. The chemical shift 2.34 ppm 
(SB2) refers to the methyl group hydrogens of o-toluidine. 
In addition, peaks at 1.25 ppm and between 2.35 - 2.72 ppm 
(SB3) refer to the ethyl group hydrogens of 4-ethyl-aniline.

3.1.3. Weight loss measurements
Gravimetric tests performed during 24 h in 1 M HCl 

yielded the corrosion rates (CR) and inhibition efficiency 
(IEWL) values shown in Table 1. Efficiency values varying 
from 64.98% (SB3, 100 ppm, 333 K) to 92.28% (SB1, 600 
ppm, 318 K) were obtained. Overall, the analysis of the 
SBs performances indicated a more significant reduction 
of corrosion rates and, consequently, improved efficiencies 
for SB1 and SB2. On the other hand, the lowest efficiency 
values were obtained for SB3. Regarding the concentration 
effect, results from Table 1 showed that its increase to 600 
ppm provided higher efficiencies for all SBs, regardless 
of the temperature. Such tendency can be related to better 
coverage of the metallic surface by the existing amount of 
inhibiting molecules in the medium, preventing aggressive 
forms of corrosion28-30.

Corrosion rates were also severely impacted by rising 
temperatures in the tests with and without the SBs. For the 
blank sample, enhanced corrosion can be related to the 
decrease of hydrogen evolution overpotential31,32. In contrast, 
for samples in contact with corrosion inhibitors, increased 
corrosion rates can be related to desorption, decomposition, 
and rearrangement of inhibitory molecules, exposing the 
metallic surface and reducing the inhibition efficiency33,34.

For better understanding and ease of comparison between 
results, the values from Table 1 were plotted in Figure 4. As seen 
for SB1, the temperature increase enhanced the concentration 
effect, since the differences in inhibition efficiencies between 
100 ppm and 600 ppm were more significant at 318 K or 

Figure 3. 1H-NMR spectra of SB1 (a), SB2 (b), and SB3 (c).
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333 K than at 303 K. As a matter of fact, SB1 was the 
only base whose efficiency at 600 ppm increased when the 
temperature was raised to 318 K. This can be related to the 
conjugated effect of major molecules mobility with its greater 
concentrations at 318 K. On the other hand, at 333 K, the 
temperature has reached the limit to unbalance adsorption/
desorption favoring the desorption of the inhibitor from the 
metallic surface, slightly decreasing the efficiency35. The 
combined effect of temperature and concentration was not 
observed on the other bases (SB2 and SB3) whose efficiencies 
remained practically unchanged (600 ppm) or progressively 
decreased (100 ppm) with temperature.

Overall, the efficiencies of SB1 and SB2 were higher 
than those obtained for SB3, especially for the lowest 
concentration (100 ppm) and higher temperature (Figure 4). 
Given the differences in the molecular structures of the 
inhibitors, such as the methyl group from o-toluidine in 
SB2 (–CH3), and an ethyl group from 4-ethylaniline in SB3 
(–CH2CH3), a mobility reduction and the intensification of 
intermolecular steric effects are expected for these molecules 
as the substituent chain is increased. Some authors highlighted 
that the increase in the number of substituents might cause 
overcrowding, leading to the loss of molecule planarity and 
reduction in the interaction with the metallic surface. In 
addition, an increase in the degree of chain branching may 
also disturb the efficiency due to higher steric hindrance36,37. 
Therefore, the lower efficiency of SB3 can be explained in 
terms of steric effects preventing efficient adsorption on the 
metallic surface.

Trabanelli38 analyzed the inhibitory effect of substituted 
compounds as a methyl group inserted in pyridine. It was 
found that the inhibitory effect increased when the electronic 
density was displaced towards the heteroatom of the chain. 
Thus, the closer is the methyl radical to the heteroatom, the 
greater the efficiency of the compound. The authors also studied 
the steric effect on the corrosion inhibitors performance for 
ferrous alloys. It was found that the lower the steric effect, 
i.e., the lower the substituting carbon chain, the greater its 
inhibition efficiency. In addition, when there is no difference 
in the steric impedance of the compounds, their efficiencies 
increase with the increase of the carbon chain. Therefore, 
Trabanelli’s observations about the effects of substituting 
carbon chains on inhibitors are aligned with the results 
obtained for the inhibitory effect of SB1, SB2, and SB3.

The analysis of the corrosion rates in Figure 5 pointed out 
the similarities between samples immersed in SB1 100 ppm 
and SB2 100 ppm for all tested temperatures. However, it was 
noticed that, at 318 K and 333 K, increased concentrations 
(600 ppm) of SB1 performed better than SB2 due to steric 
effects. Regarding SB3, though the corrosion rates from 
samples immersed in SB3 600 ppm were very similar to SB2 
600 ppm, its values under 100 ppm were the largest obtained. 
Such observation can be related to the more pronounced 
steric effect of the p-substituent radical, which is larger and 
further from the heteroatom. It was concluded, then, that the 
size limit of the carbonic radical that could be added to the 
SB1 aromatic ring, prevenient from aniline, without reducing 

Table 1. Corrosion rates (mm/y) for API P-110 and inhibition efficiencies (%) using different concentrations of SB1, SB2, and SB3 in 1 M HCl.

Test Concentration 
(ppm)

303 K 318 K 333 K
CR (mm/y) IEWL (%) CR (mm/y) IEWL (%) CR (mm/y) IEWL (%)

Blank 0 7.37 ± 0.53 - 25.90 ± 1.37 - 79.89 ± 1.67 -
SB1 100 1.14 ± 0.06 84.49 5.53 ± 0.15 78.63 15.28 ± 1.24 79.32

600 1.12 ± 0.11 84.79 2.00 ± 0.19 92.28 8.65 ± 0.15 88.30
SB2 100 1.22 ± 0.16 83.48 5.03 ± 0.63 80.59 16.15 ± 0.95 78.14

600 0.76 ± 0.03 89.73 3.25 ± 0.52 87.46 11.03 ± 0.31 85.07
SB3 100 1.87 ± 0.18 74.69 7.42 ± 0.36 71.36 25.87 ± 1.29 64.98

600 0.94 ± 0.05 87.28 3.36 ± 0.26 87.01 11.70 ± 0.33 84.16

Figure 4. Inhibition efficiencies for API P 110 carbon steel after 24 
h gravimetric tests in 1 M HCl in different concentrations of SB1, 
SB2, and SB3 from 303 to 333 K. Figure 5. Corrosion rates for API P 110 carbon steel after 24 h 

gravimetric tests in 1 M HCl under different concentrations of SB1, 
SB2, and SB3 from 303 to 333 K.
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the performance of the inhibitor, is 1 (–CH3, methyl) since 
the ethyl substituent on SB3 provided higher CR values39-42. 
Nevertheless, results revealed that all inhibitors were efficient 
and significantly reduced the corrosion rate of the alloy, and 
the values obtained are consistent with data observed in other 
studies in the literature, as indicated in Table 2.

In order to further reduce the corrosion rates, the best 
inhibitors (SB1 and SB2) were tested with the surfactants 
ethoxylated nonyl phenol (A1) and ethoxylated lauryl alcohol 
(A2). Assays were performed at the highest temperature 
(333 K) to evaluate a possible synergism in the most 
aggressive condition.

3.1.4. Surfactants effect
A surfactant is a surface active agent which can be used 

in corrosion inhibitory formulations due to two reasons: (i) 
improving the corrosion inhibitor miscibility in the acidic 
media enhances inhibitory performance, and (ii) the surfactant 
molecules can prevent corrosion due to the presence of electron 
rich groups, shown in Figure 6, motivating the analysis of its 
sole effect on corrosion protection43. Thus, to assess higher 
efficiencies, formulations were developed based on SB1 and 

SB2 concentrations with the best outcomes (600 ppm) and 
an amount of surfactant corresponding to 2.5%wt. of the 
SBs concentration. Results for gravimetric tests performed 
in HCl 1 M at 333 K are shown in Table 3. It is important to 
point out that the overall concentration was still 600 ppm.

Results from Table 3 confirmed that the sole presence of 
the surfactants could inhibit corrosion even at concentrations 
as low as 15 ppm43. Their comparison showed lower efficiency 
for A1 (67.61%) than A2 (81.46%). Such improved inhibitory 
effect of A2 was probably due to its greater hydrophilia 
compared to A1 (greater HLB), resulting in better miscibility 
in water, foaming power, wettability, and detergency.

However, A1 enhanced inhibition efficiencies better 
than A2 when combined with either of the inhibitors. This 
observation was confirmed by SB1 + A1 and SB2 + A1 
corrosion rates, which were approximately 16% and 31% lower 
than SB1 + A2 and SB2 + A2, respectively. This behavior 
can be associated with the presence of the aromatic ring in 
A1, while A2 is aliphatic. In this sense, it is possible that 
the presence of the aromatic ring constitutes an important 
adsorption site through π-π interactions. It was observed that 
such trend prevailed over the hydrophilia of the surfactants.

Other studies in the literature investigated the synergistic 
effect of corrosion inhibitors and surfactants, reporting 
similar results. Zehra et al.44 investigated a glycine derivate 
(100 ppm) as a corrosion inhibitor blended with 5 ppm 
with sodium dodecyl sulfate or cetyl pyridinium chloride 
in HCl 1 M, reaching efficiencies for potentiodynamic tests 
of 92.84% and 96.36%, respectively, while the sole analysis 
of the corrosion inhibitor yielded an efficiency of 88.64%.

Table 2. Inhibition efficiencies obtained for SB1, SB2, and SB3 compared to other Schiff bases from the literature as corrosion inhibitors in 1 M HCl.

Inhibitor/Concentration
IE(%) Reference

298 K 333 K 323-333 K
SB1 / 600ppm 84.79 88.30 This work
SB2 / 600 ppm 89.73 85.07
SB3 / 600 ppm 87.28 84.16
B2 / 300 mg/L 96.50 85.90 35

PASP/SB / 80 mg/L 88.97 84.86 39

DMAHB / 5x10-3 M 87.30 89.92 40

BPT / 2.13 mmol/L 81.40 94.20 41

DBB / 5x10-4M 85.69 92.60 42

Table 3. Corrosion rate (mm/y) and inhibition efficiency (%) for API P-110 in 1 M HCl in the presence of SB1 and SB2 isolated and 
blended with A1 and A2 at 333 K.

Compound (s)
Inhibitor 

concentration 
(ppm)

Surfactant 
concentration 

(ppm)

Total 
concentration 

(ppm)

Corrosion rate 
(mm/y)

Efficiency  
(%)

Synergism 
parameter (S)

A1 - 15 15 23.93 ± 1.33 67.61 -
A2 - 15 15 13.70 ± 2.11 81.46 -

SB1 600 - 600 8.65 ± 0.15 88.30 -
SB1 + A1 585 15 600 5.94 ± 1.10 91.97 1.70
SB1 + A2 585 15 600 7.10 ± 0.69 90.40 1.89

SB2 600 - 600 11.03 ± 0.31 85.07 -
SB2 + A1 585 15 600 5.17 ± 0.90 93.00 1.65
SB2 + A2 585 15 600 7.55 ± 0.61 89.78 1.86

Figure 6. Molecular structure of (a) A1 and (b) A2 surfactants.
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The synergism parameter was calculated according to 
the relationship given by Aramaki and Hackerman that was 
reported elsewhere45,46.

( )
( )

1 2

1 2
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Where, I1 = inhibition efficiency of the SB; I2 = inhibition 
efficiency of surfactant; I`1+2 = measured inhibition efficiency 
for the combined formulation SB+surfactant. When S 
approaches 1 no interaction between the inhibitor compounds 
is observed, while S > 1 indicates that a synergistic effect 
occurred. When S < 1, the antagonistic interaction of the 
selected compounds prevailed, which could be attributed to 
a competition to adsorb over the surface. Since the observed 
values were 1.70 (SB1+A1), 1.89 (SB1+A2), 1.65 (SB2+A1), 
and 1.86 (SB2+A2) the synergistic effect was observed for 
all formulations.

3.1.5. Thermodynamic parameters
The Arrhenius equation (Equation 6) correlates the 

uniform corrosion rate to the apparent activation energy of 
dissolution in carbon steel (𝐸𝑎), where 𝑅 is the universal 
constant of ideal gases (8.314 J/mol K), T is the absolute 
temperature, and 𝐴 is the pre-exponential factor.

log   log  
2.303

aE
CR A

RT
−

= +  (6)

The apparent activation energies of dissolution in carbon 
steel (𝐸𝑎) were obtained for each SB from linear adjustments 
of the data (Table 4 and Figure 7). All the obtained quadratic 
regression coefficients (R2) were above 0.92, which indicated 
that the Arrhenius kinetic model could precisely describe 
the corrosion mechanism.

The activation energies (Ea) in the absence and presence of 
corrosion inhibitors provide information about the inhibitory 
mechanism. Previous studies in the literature33,47-49 related 
chemical and physical adsorption to temperature effects. 
The Ea values in the absence of inhibitors are reference 
values to the inhibited systems. When efficiency decreases 
with the increase of temperature, the Ea value is higher in 
the presence of the inhibitors, indicating a coulombic type 
of adsorption, or physical adsorption. Chemical adsorption 
is observed when efficiency increases with temperature, 
and Ea is lower in the presence of the inhibitors. The value 
obtained for the activation energy of API P110 steel in 1 M 
HCl, in the absence of corrosion inhibitors, was 64.51 kJ/
mol, which is in good agreement with previous studies in 
the literature50-53.

All values of apparent activation energy for the SBs at 100 
ppm were greater than the 𝐸𝑎 value of the blank sample and 
very close to each other, which indicated that the adsorption 
mechanism can be characterized by physisorption at 100 
ppm. However, when the concentration is increased to 600 
ppm, the 𝐸𝑎 value for SB1 becomes lower than the blank, 
inferring the chemisorption mechanism. This observation 
agrees with the efficiency increase of SB1 at 600 ppm from 
303 K to 318 K. This behavior was not observed for SB2 
and SB3, whose 𝐸𝑎 value remained above the blank test.

3.1.6. Adsorption isotherms
Adsorption models provide relevant information about 

the interaction between inhibitor molecules and the metallic 
surface33. The process of molecules adsorption onto the 
metallic substrate is characterized by a substitution mechanism, 
where water molecules adsorbed on the metallic surface are 
replaced by inhibitory molecules. The relationship between 
the surface coverage (θ) and the inhibitor concentration (C) 
is used in the isothermal adsorption model54. The tested 
models were Langmuir (Equation 7), Temkin (Equation 8), 
El-Awady (Equation 9), and Freundlich (Equation 10)55,56:

1  
ads

C C
Kθ

= +  (7)

2.303 2.303log  log  
2 2

K C
a a

θ
− −   

= +   
     (8)

log log log  
1

K y Cθ
θ
= +

−
 (9)

( ) ( ) ( )ln ln ln  adsK Cθ = +  (10)

Kads is the adsorption equilibrium constant, Kads=
1/ yK , where 

y represents the number of inhibitory molecules occupying a 
given site, C stands for the inhibitor concentration, and θ is 
the fraction of the surface covered by the inhibitor.

Table 4. Activation energies for API P110 carbon steel in 1 M HCl 
in the absence and presence of corrosion inhibitors.

Test Concentration (ppm) Ea (kJ mol-1) R2

Blank 0 64.51 0.9994

SB1
100 72.78 0.9906
600 56.72 0.9279

SB2
100 72.37 0.9992
600 74.98 0.9995

SB3
100 73.56 0.9999
600 70.58 0.9996

Figure 7. Arrhenius plots for API P110 carbon steel in 1 M HCl in 
the absence and presence of the inhibitors.



Furtado et al.8 Materials Research

Figure 8 illustrates the Langmuir isotherms data plot for the 
three inhibitors at 318 K. Table 5 presents the values of 𝐾𝑎𝑑𝑠, 
the slopes, and the quadratic regression coefficients obtained.

The Langmuir model best represented the results for all 
inhibitors. According to it, the adsorption of the molecules 
is characterized by a coating of an inhibitor monolayer on 
the metallic surface, with sites of the same energy level and 
electronic affinity, and the adsorbed molecules adjacent are 
supposedly free from steric effects and lateral interactions57. 
Higher values of 𝐾𝑎𝑑𝑠 indicate better interaction between the 
inhibitor and the metallic surface. However, low values of 𝐾𝑎𝑑𝑠 
indicate that interactions are weak, and consequently, adsorbed 
species can be easily removed by solvent molecules31,58. 
SB1 and SB3 showed similar adsorption constants, while 
for SB2 the constant is almost three-fold of SB1 𝐾𝑎𝑑𝑠 value. 
This may indicate that the slight activation of the SB2 
aromatic ring caused by the methyl substituent may have 
favored adsorption. Besides showing higher 𝐾𝑎𝑑𝑠 values and, 
consequently, stronger adsorption to the metallic surface, the 
corrosion rates of SB2 were higher than SB1. This indicates 
that SB2 exhibited a stronger interaction with the metal, 
but not the best surface coverage due to steric effects. For 
SB3, the increase in 𝐾𝑎𝑑𝑠 value compared to SB1 was very 
small, indicating that the steric effects and greater distance 
from the substituent radical (ethyl) of the heteroatom in SB3 
negatively affected its adsorption kinetics.

3.2. Electrochemical tests

3.2.1. Electrochemical impedance spectroscopy
EIS is an efficient method to study the corrosion phenomenon 

at the metal-solution interface. Nyquist and Bode plots for API 
P110 carbon steel in 1 M HCl in the presence and absence of the 

different concentrations of SBs and their combination with the 
surfactant A2 are shown in Figure 9 and Figure 10, respectively. 
Concerning the effect with surfactants, it should be highlighted 
that only A2 was investigated in the electrochemical tests since 
it has greater hydrophilicity and consequently resulting in better 
miscibility in water than A1. In adition, nonyl phenol surfactants 
have been replaced due to their toxicity. A2 is a nonionic 
surfactant resulting from the reaction of fatty acids obtained 
from vegetable oil that makes this surfactant a better option. 
The Nyquist plots show depressed semicircles, capacitive-like 
at high and intermediate frequency values (Figure 9a). Since 
Bode diagrams disclosed only one time constant during the 
corrosion phenomenon, the steel corrosion is mainly under 
charge transfer control. A small dispersion at lower frequencies 
could be identified, especially for samples immersed in solutions 
containing SBs, which can be related to the heterogeneity of the 
adsorbed film59. The plots show similar shapes when comparing 
the blank and SB1 100 ppm, which indicates that the corrosion 
mechanism shows no significant change in the presence of 
inhibitor at this concentration.

Similarly to gravimetric tests, impedance results clearly 
showed the influence of the SB concentration on the corrosion 
process, yielding greater capacitive arcs and impedance 
modules for greater concentrations of both SB1 and SB2, 
indicating better corrosion protection in HCl 1 M. The 
concentration effect can also be pointed out by the greater 
phase angle peaks displayed by both SBs at 600 ppm and 
the fact that such peaks are shifted to higher frequencies, 
when compared SBs at 100 ppm and the blank sample. The 
comparison between SB1 and SB2 performances under 
600 ppm showed improved corrosion protection for SB1, 
since impedance modulus on low frequencies (0.1 Hz) of 
57.19 Ohm.cm2 and 32.62 Ohm.cm2 could be identified in 
Figure 10 for SB1 and SB2, respectively.

The difference between the synergetic behavior displayed 
by samples SB1+A2 and SB2+A2 becomes clearer when 
analyzing the shape of the phase angle peak displayed by the 
latter, which seems to be formed by the merge of two other 
peaks under high frequencies, while the sample SB1 + A2 
displayed a single peak with shape similar to samples without 
the addition of A2. Such differences may be associated with 
two or more reaction steps occurring on the metallic surface, 
probably associated with the adsorption mechanism of the 
inhibiting molecules and the surfactant.

Randles circuit (Figure 11) was employed to fit EIS results, 
using the software Zview. The parameters within the model 
are: electrolyte resistance (Rs), charge transfer resistance (Rct), 
and the constant phase element, which models the non-ideal 
behavior of the double layer, as described in Equation 11. 
The constant Y0 is analogous to the capacitance, while the 
parameter n indicates different physical phenomena, including 
surface roughness, inhibitor adsorption and/or desorption. 

Table 5. Adsorption parameters calculated from Langmuir, Temkin, El-Awady, and Freundlich adsorption isotherms.

Inhibitor
Langmuir Temkin El Awady Freundlich

Kads (L mg-1) R2 Slope R2 Slope R2 Slope R2 Slope
SB1 0.0302 0.9976 1.0460 0.8443 0.0693 0.7721 0.5846 0.8589 0.0817
SB2 0.0752 0.9999 1.1238 0.9999 0.0384 0.9981 0.2869 0.9999 0.0458
SB3 0.0353 0.9999 1.1002 0.9658 0.0894 0.9782 0.5622 0.9622 0.1132

Figure 8. Langmuir adsorption isotherm model for API P110 carbon 
steel in 1 M HCl containing SB1, SB2, and SB3 at 318 K.
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Thus, when n is equal to 1, Equation 11 corresponds to an 
ideal capacitor, while 0.5 < n < 1, Equation 11 takes into 
account the non-ideal behaviors of the double layer, flattening 
the capacitive arcs in Nyquist diagrams. This parameter also 

indicates the heterogeneity of the inhibiting film when this 
value moves away from 1. Fitting results, listed in Table 6, 
presented chi-squared values ranging from 4.0x104 to 9.8x10-3, 
indicating good fitting to the equivalent circuit.

Figure 9. Nyquist plots for carbon steel API P110 at 333 K in 1 M HCl for the concentration effect of SB1 (a), concentration effect of 
SB2 (b), surfactant A2 with SB1 (c), surfactant A2 with SB2 (d).

Figure 10. Bode plots for carbon steel API P110 at 333 K in 1 M HCl for the concentration effect of SB1 (a), concentration effect of SB2 
(b), surfactant A2 with SB1 (c), surfactant A2 with SB2 (d).
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=  (11)

According to Table 6, all solutions presented low 
resistance, despite the addition of organic molecules in the 
medium. Thus, the ohmic drop was not an issue. Regarding the 
charge transfer resistance, fitting results provided increasing 
Rct values with SBs addition, confirming the inhibitory 
adsorption layer on the metallic surface, protection against 
the corrosive process, as also pointed out by the gravimetric 
and polarization results. Furthermore, there was no significant 
difference between both bases performances when compared 
under the same concentrations (100 or 600 ppm). However, 
when SBs were combined with the surfactant A2, there was 
an expressive increase of Rct to 57.42 ± 3.62 and 48.15 ± 4.00, 
for samples SB1 + A2 and SB2 + A2, respectively. Such 
result could be visually perceived during immersion (OCP 
measurement), since hydrogen evolution was less vigorous 
for samples combining the SB and surfactant. Nevertheless, it 
is important to highlight that, differently from the gravimetric 
and polarization tests, EIS results presented a significant 
difference between samples SB1 + A2 and SB2 + A2, where 
the former presents the greatest Rct of all samples.

Table 6 also describes a tendency of Y0 reduction with 
increasing SBs concentrations. According to Equation 11, 
the smaller the Y0, the greater ZCPE and, consequently, the 
smaller the tendency to accumulate charges on the double 
layer. The addition of an inhibitor to an electrochemical 
system promotes the displacement of water molecules initially 
adsorbed to the metal surface, leading to the adsorption of 
inhibitory molecules. This phenomenon alters the metal-
solution interface, modifying the electrical double layer. 
The adsorption of the inhibitor occurs because the energy 
of interaction between the metal and the inhibitor is greater 
than between the metal and water molecules60. Thus, in 
the present context, the reduction of Y0 is related to the 
adsorption of organic molecules to the metal surface. The 

reduced values of n for increased concentrations of SBs 
also corroborate such results, since the obtained results are 
shifted from the value of an ideal electric double layer (n = 1). 
This reduction of n is related to the increase of the surface 
heterogeneity, caused by the greater inhibitor coverage at 
higher concentrations. When α = 1, the Y0 is identical to 
an ideal capacitor, indicating the metal/solution interface 
is capacitive in nature. Furthermore, the Y0 value reveals 
the characteristics of the metal surface film. The lower Y0 
value for systems with a higher amount of inhibitor or in the 
presence of A2 indicates a denser inhibiting film61. Attention 
can be drawn to samples SB1 + A2 and SB2 + A2, whose 
n values were the lowest of all samples.

By the analysis of the efficiencies, it was observed 
that, both SB1 and SB2 exhibited very similar efficiencies 
(85.11% for SB1 and 84.27% for SB2), which corroborates 
the gravimetric and previous electrochemical data. When 
combining the SBs with surfactant (A2), the efficiency 
values of SB1 and SB2 increased to 90.76% and 88.89%.

3.2.2 Potentiodynamic polarization
In this study, the Tafel extrapolation method was applied 

to the polarization curves presented in Figure 12 to obtain 
the electrochemical parameters shown in Table 7, including 
corrosion current density (Icorr), corrosion potential (Ecorr), 
cathodic and anodic Tafel slopes (βc and βa). To accurately 
use Tafel extrapolation, the considered interval should be at 
least 50-100 mV away from the corrosion potential and at 
least one of the branches should exhibit linearity behavior on 
the semilogarithmic scale over minimum of one decade of 
current density62. The presence of an inflection in the anodic 
branch provided a poorly defined experimental anodic Tafel 
region, which precludes accurate evaluation of the anodic 
Tafel slopes (βa) by Tafel extrapolation. However, observations 
could be performed based on Icorr and Ecorr displacement, as 
well as cathodic branches63.

According to the results, SB1 showed an Icorr reduction 
of 80.76% and 93.48% when in concentrations of 100 and 
600 ppm, respectively, while SB2 promoted Icorr reductions of 
80.43% and 81.58% for 100 ppm and 600 ppm, respectively, 
corroborating the weight loss measurements. Besides, both 
anodic and cathodic branches were affected by the presence 
of the inhibitor, where more pronounced effects could be 
perceived under the highest concentration (Figure 12). This 
modification of the branches can be numerically identified 
by the value of βc in Table 7, which is much larger for 600 
ppm than 100 ppm.

Table 6. Parameters obtained by EIS for corrosion of API P110 carbon steel in 1 M HCl without and with different concentrations of 
SB1, and the surfactant effect at 333 K.

Sample Rs (Ohm.cm2) RCT (Ohm.cm2) Y0 (CPE) (Sn.Ω-1.cm-2) n (0<n<1) IE (%)
Blank 0.787±0.129 5.360±0.909 7.93x10-4 ±1.53x10-4 0.866±0.003 -
SB1 (100 ppm) 0.922±0.074 10.200±1.302 6.41x10-4 ±2.45x10-5 0.804±0.001 47.45
SB1 (600 ppm) 0.888±0.325 35.990±7.269 1.53x10-4 ±4.24x10-6 0.766±0.016 85.11
SB2 (100 ppm) 0.833±0.020 8.593±3.007 8.19x10-4 ±1.42x10-4 0.791±0.017 37.63
SB2 (600 ppm) 0.911±0.067 34.075±5.678 4.59x10-4 ±2.89x10-5 0.727±0.030 84.27
A2 (15 ppm) 0.744±0.009 8.713±0.982 3.80x10-4 ±1.77x10-5 0.851±0.000 38.48
SB1 (585 ppm) + A2 (15 ppm) 0.886±0.002 57.420±3.620 2.80x10-4 ±2.47x10-5 0.681±0.002 90.67
SB2 (585 ppm) + A2 (15 ppm) 0.733±0.218 48.145±4.009 3.36x10-4 ±9.55x10-5 0.671±0.034 88.89

Figure 11. Equivalent circuit used to fit EIS obtained for API P110 
carbon steel in 1 M HCl.
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The inhibitor effect on the anodic branch shape indicated 
that the organic molecules interacted with the anodic sites, 
preventing iron dissolution. The iron cations formed during 
the anodic dissolution of carbon steel may form a complex 
with the inhibitory molecules, adsorbing onto the metallic 
surface. Additionally, the chloride ions adsorb onto the 
positively charged metallic surface through electrostatic 
interactions, followed by the adsorption of protonated organic 
compounds, which can either adsorb onto negative sites of 
the metallic surface or through electrostatic interactions with 
the pre-adsorbed chlorine ions64. Therefore, SB1 molecules 
may get protonated and adsorb on anodic sites. Besides, this 
process might involve at least two different steps associated 
with the anodic branch inflections. The cathodic branch is 
also modified due to the inhibition of cathodic reactions. 
Some functional groups in SB1 structure may react with 
iron species, such as Fe2+ and Fe3+, forming complexes that 
adsorb onto the metallic surface. This inhibition mechanism 
has been widely reported in other studies6,65-67. Furthermore, 

the corrosion potentials in the presence of both SBs, regardless 
of the concentration, provided differences regarding the blank 
sample smaller than 85 mV, confirming that the inhibitors 
adsorbed both on anodic and cathodic sites68,69.

It is important to mention that the anodic branches, 
especially for samples SB1 600 ppm, SB2 600 ppm, SB1/
A2 and SB2/A2, exhibited two regions with different rates 
of current variation. Such rates can be influenced at some 
level by (i) diffusion processes caused by the adsorbed 
organic film, and its heterogeneity, especially for the region 
with lower current variation rates, and (ii) the formation of 
complexes yielding different anodic reactions with different 
velocities. EIS results corroborate a possible influence of 
the diffusion mechanism and surface heterogeneity under 
higher SB concentrations since the n value also decreased 
for such samples.

From the tests with SB2 and A2, it could be observed 
that Ecorr and βc from A2 are closer to the blank sample. SB2 
(600 ppm) shows the highest difference of βc when compared 

Figure 12. PDP plots for carbon steel API P110 at 333 K in 1 M HCl for the concentration effect of SB1 (a), concentration effect of SB2 
(b), surfactant A2 with SB1 (c), surfactant A2 with SB2 (d).

Table 7. Parameters obtained by PDP for corrosion of API P110 carbon steel in 1 M HCl without and with different concentrations of 
SB1, and the surfactant effect at 333 K.

Sample -Ecorr (mV) Icorr (mA/cm2) βc (mV/dec) βa (mV/dec) IEPDP (%)
Blank 497.68 6.08 149.52 139.06 -

SB1 (100 ppm) 466.72 1.17 122.60 - 80.76
SB1 (600 ppm) 558.91 0.39 216.40 - 93.48
SB2 (100 ppm) 449.00 1.19 109.71 - 80.43
SB2 (600 ppm) 543.04 1.12 291.80 - 81.50

A2 (15 ppm) 517.94 2.75 115.60 - 54.66
SB1 (585 ppm) + A2 (15 ppm) 500.44 0.49 189.31 - 91.81
SB2 (585 ppm) + A2 (15 ppm) 499.66 0.80 201.77 - 86.76
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to the blank system, which is related to the adsorption of 
inhibiting species on the cathodic sites. However, SB2 + 
A2 sample provided values closer to the blank sample. 
This observation indicates a possible modification in the 
adsorption of molecules to the metallic surface. It might be 
associated with (i) the A2 aid so SB2 molecules can adsorb 
more easily, (ii) complexes formation between A2 and SB2 
molecules, (iii) the adsorption of A2 molecules where SB2 
could not lead to a continuous film, or (iv) A2 molecules 
may form a second layer on the metallic surface, leading to a 
hindrance to the acidic solution. Besides, it can be observed 
from Figure 12c that A2 shows a lower inflection than SB2, 
while SB2 + A2 shows an inflection a little lower than SB2 
due to the presence of A2, confirming its influence on the 
system. For the test between SB1 and A2, the efficiencies 
are a little lower than SB1 alone, which can be related to 
inhibitor desorption between the EIS and PDP tests, and 
modification of the electrode surface chemistry.

3.3. Surface characterization

3.3.1. Scanning electron microscopy

Figure 13 presents coupons scanning electron microscopies 
after 24 h immersion in 1 M HCl, considering the absence 
and presence of different inhibitor formulations, at 333 K and 
pickling. It can be seen in Figure 13a that the blank coupon 
surface presented high irregularity due to the corrosive 
attack. In addition, the test with A2 also revealed an irregular 
surface, which confirmed that the surfactant presented a 
minor influence on the corrosive process inhibition and 
was not the leading active agent. The tests with SB1 and 
SB2 revealed a more homogeneous surface, confirming the 
protection observed in the weight loss and electrochemical 
measurements. However, despite the lower corrosion rates 
presented by gravimetric and electrochemical tests, sample 
surfaces from SB1+A2 or SB2+A2 appeared more irregular 

Figure 13. Scanning electron microscopy of API P 110 coupons after weight loss measurements in 1 M HCl at 333 K: (a) blank; (b) A2; 
(c) SB1; (d) SB2; (e) SB1 + A2; and (f) SB2 + A2.
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Table 8. Pitting depth of API P 110 coupons after weight loss 
measurements in 1 M HCl at 333 K: blank, A2, SB1, SB2, SB1 + 
A2 and SB2 + A2.

Tests Pitting depth (µm)
Blank -

A2 -
SB1 111.30
SB2 228.40

SB1 + A2 203.70
SB2 + A2 -

than those immersed in SB1 or SB2 alone, indicating the 
presence of deposits other than corrosion products.

3.3.2. Optical microscopy
Optical microscopy was performed on the specimens 

after weight loss measurements at 333K in order to evaluate 
pit depth70, according to ASTM G 46. The selected pits 
were measured, and the deepest pit identified in the sample 
is described in Table 8. According to the latter, no pits 
were detected on the blank and A2 samples, only uniform 
attack on the metallic surface. However, when samples are 
immersed in HCl solution containing SB1 or SB2, pits as 
deep as 111.30 µm and 228.40 µm, respectively, appeared, 
confirming that SB2 shows lower inhibition efficiency than 
SB1 for both uniform (as observed in weight loss tests) and 
localized corrosion.

The weight loss measurements showed a negligible 
synergism between SB1 and A2. However, when localized 
corrosion was evaluated, it indicated that A2 actually provides 
a harmful interference in the adsorption of SB1 in certain 
areas, leading to localized corrosion. It indicates that the 
adsorption mechanism has been modified. On the other hand, 
when SB2 was combined with A2, no localized corrosion 
was identified, even though steel samples immersed only in 
SB2 presented the deepest pits. Thus, the positive synergetic 
behavior identified in gravimetric and electrochemical 
tests for samples SB2+A2 could be extended to localized 
corrosion. As highlighted in section 3.2.1, SB1 is the only SB 
that showed two adsorption mechanisms (physisorption and 
chemisorption). Although A2 has favored the physisorption 
of SB2 to the metallic surface, the surfactant has probably 
interfered with the chemisorption of SB1, which explains 
the results in Table 8.

A possible explanation for the different behaviors exhibited 
by samples SB2 and SB2+A2 regarding localized corrosion 
is that SB2 alone led to possible uncovered areas, resulting 
in severe localized corrosion. These uncovered areas were 
probably related to the presence of a methyl substituent in the 
aromatic ring, making the uniform adsorption more difficult. 
However, when combined, A2 helps SB2 to adsorb on the 
metallic surface, as well as A2 molecules can also adsorb 
on the substrate. In that sense, SB2+A2 provided the best 
inhibitive results since it was able to prevent both uniform 
and localized corrosion efficiently.

3.4. Computational study
For the theoretical studies, three models were proposed 

for SB1, SB2, and SB3, shown in Figure 14, from top to 

bottom. Structural, electronic, and quantum properties of 
these molecules were analyzed using calculations based on 
density functional theory (DFT). Fully optimized neutral 
phase compounds, shown vertically and horizontally 
(Figure 14a, b), demonstrated that the structures were not 
planar, with inclination relative to the two aromatic rings of 
the structure ranging from 141° to 145°, and with a value 
of 180° for a fully planar molecule.

When looking at inhibitors SB2 and SB3 that have bulky 
substituents, ortho-methyl group of inhibitor SB2 remained 
aligned with the substituted aromatic ring. However, in the case 
of inhibitor SB3, para-ethyl group remained perpendicular to 
the aromatic ring, indicating that the substituent may hinder 
the adsorption of the inhibitor onto the metallic surface, 
limiting adsorption through only one aromatic ring.

For all SBs, the HOMO and LUMO orbitals are mostly of 
π-type in the aromatic rings and σ-type in the tertiary amines. 
Besides, SB3 shows σ-type orbitals also in the para-ethyl 
substituent (Figure 14c, d). These results indicate that, for 
inhibitors SB1 and SB2, adsorption to the metallic surface 
probably occurs by one of the aromatic rings. However, for 
SB3, the presence of electron density in the para-ethyl group 
may lead to inefficient adsorption.

Quantum parameters, such as the energies of the 
highest occupied molecular orbital (EHOMO), the lowest 
vacant molecular orbital (ELUMO), the energy gap (ΔE) 
between EHOMO and ELUMO, dipole moment (μ), the overall 
electronegativity (χ), the hardness (η) and the softness (σ), 
were obtained using the optimized structure corresponding. 
Table 9 shows the quantum parameters for SB1, SB2, and 
SB3 in the neutral phase. The energy of the highest occupied 
molecular orbital indicates the tendency of a molecule to 
donate its electron density to electron acceptor compounds 
with empty molecular orbitals, such as metallic materials. 
Thus, high EHOMO values indicate the tendency to adsorb 
on metallic surfaces, increasing the corrosion inhibition 
efficiency. Low bandgap values and increased dipole moment 
also enhance the ability of a molecule to act as a corrosion 
inhibitor. From the HOMO and LUMO orbital values from 
the molecules herein studied, it was possible to obtain the 
overall electronegativity, hardness, and softness, according 
to Equations 12-14.
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Analyzing the results obtained for the SB1, SB2, and 
SB3 in the neutral phase, it was possible to notice that similar 
quantum properties were obtained for the three molecules, 
which were also similar to other inhibitors reported in the 
literature63,71. A noteworthy difference was only observed 
in the SB2 dipole moment, which showed more promising 
values. This phenomenon indicated that the variation of the 
anticorrosion properties for SB1, SB2, and SB3 was more 
influenced by structural than electronic aspects.
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Besides the neutral phase, the structural, electronic and 
quantum properties from the SBs were also calculated in 
acidic medium, modeling the protonation of the structural 
heteroatoms (imine group and tertiary amine present in all 
three inhibitors). The ability of the inhibitors to be protonated 
in an acid medium was measured by Equation 15:

Pr       ot inhibitor inhibitorE E E∆ = −  (15)

Where ΔEprot stands for the protonation energy, EInhibitor+ the 
energy of the protonated inhibitor molecule, and EInhibitor is 
the energy of the inhibitor molecules in the neutral phase. 
The protonation energy of the inhibitors in their different 
heteroatoms is shown in Table 10.

For the two protonation possibilities within the SBs 
molecules, all H+ remained in the structure. Even though 
there was no cracking or decomposition of the molecules, 

Table 9. Quantum parameters for SB1, SB2, SB3 and other organic molecules from literature in neutral state.

Quantum properties EHOMO (eV) ELUMO (eV) ΔE (eV) μ (D) X (eV) η  (eV) σ  (eV-1) Reference

SB1 -5.09 -1.10 3.99 4.55 3.09 2.00 0.50 -
SB2 -5.07 -1.08 3.99 4.76 3.07 2.00 0.50 -
SB3 -5.02 -1.06 3.96 4.15 3.04 1.98 0.51 -

Peumus boldus -5.28 -0.52 4.76 2.33 2.90 2.38 0.42 63

Schiff Base* -5.25 -1.42 3.82 2.93 3.34 1.91 0.52 71

*2-methoxy-4-(((2-(methylthio)phenyl)imino)methyl)phenol

Figure 14. (a)Vertical and (b) horizontal view of the optimized structures of the SB1, SB2, and SB3 molecules in the neutral phase; 
(c) the highest occupied molecular orbital and (d) the lowest unoccupied molecular orbital. Colors of atoms are gray = carbon, blue = 
nitrogen, and white = hydrogen.
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there were structural changes, especially in the protonation 
of the tertiary amines (Figure 15). The nitrogen of the imine 
group showed the highest protonation energy (Table 10) 
from all inhibitors, forming a more stable conjugated acid.

Table 10 shows the quantum parameters for the protonated 
inhibitors. The increase in EHOMO was observed for all 
protonated inhibitors, demonstrating that the adsorption of 
the inhibitors to the metallic surface will be favored in an 
acidic medium. In addition, the ELUMO energy also increased 
for all inhibitors, indicating that the compounds act as more 
effective electron receptors in acidic medium. The dipole 
moment (μ) after protonation of the imine group indicates 
that molecular polarity can be classified as SB3>SB2>SB1. 
Values for bandgap, hardness, and softness were similar for 
all inhibitors in acid phase.

Therefore, in acid medium the anticorrosion potential of 
SB1, SB2, and SB3 improved considerably. This suggests that 

in both neutral and acidic mediums, the functioning of the 
corrosion inhibitors is linked to their structures. Moreover, 
the compounds become more planar after protonation of the 
imine nitrogen, but the ethyl group still limits the adsorption 
of SB3 on the metallic surface. Finally, according to the 
theoretical results, inhibitors SB1 and SB2 present greater 
potential as corrosion inhibitors for steel, especially in 
acidic media.

4. Conclusions
The performance of three novel Schiff bases (SB) to 

inhibit corrosion on API P110 carbon steel was investigated. 
The spectroscopic analysis (FTIR and 1H-NMR) confirmed 
that an efficient synthetical method was applied. Gravimetric 
tests performed in 1 M HCl over a 303K-333K temperature 
range confirmed the inhibition of steel corrosion. The SBs 
chemical structures are similar, differing by the type of 
substituent in the aromatic ring. For SB1, no substituent; SB2, 
ortho-methyl substituted; and SB3, para-ethyl substituted. 
SB1 performed better in gravimetric tests, and also showed 
the effect of temperature-concentration dependence. Raising 
concentration from 100 ppm to 600 ppm increased efficiency 
from 78.6% to 92.3% at 318 K. Combining these compounds 
with an ethoxylated lauryl alcohol, a surfactant, reached a 
maximum efficiency of 93%. The surface analysis revealed the 
reduced roughness and pit depths of carbon steel in inhibited 
samples by optical and scanning electron microscopies. 
Theoretical study through Density-functional theory (DFT) 
indicated the geometrical and the energetical similarities for 
the studied SBs in their neutral forms, but for the protonated 
species the conjugated acid is more stable and the frontier 
orbitals (especially HOMO) showed that adsorption would 
be favored compared to the neutral forms. The theoretical 
and experimental study highlighted that the presence of ethyl 
substituent can decrease adsorption and consequently the 
inhibitory performance as observed for SB3.
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