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In this work, electrochemical tests were performed to measure hydrogen permeation during free 
dissolution of carbon steel in the presence of the ionic liquids (ILs) 1-ethyl-3-methylimidazolium acetate 
[(EMIM)+(Ac)-], 1-ethyl-3-methylimidazolium bromide [(EMIM)+(Br)-], and 1-butyl-3-methylimidazolium 
tetrafluoroborate [(BMIM)+(BF4)

-] in 5.4 mol L-1 HCl aqueous solution. The permeation inhibition 
efficiencies (IEp (%)) of 5-hydroxy-2-nitromethylene-hexahydropyrimidine (HPY) and a commercial 
corrosion inhibitor (CCI) were also evaluated. Among the ILs, the (BMIM)+(BF4)

- compound presented 
the highest corrosion and hydrogen permeation inhibition efficiencies, with values of 23% and 30%, 
respectively. The (EMIM)+(Br)- and (EMIM)+(Ac)- compounds were not effective against corrosion, 
but they presented IEp of 15.8% and 23%, respectively. The HPY compound demonstrated 61% 
effectiveness in preventing corrosion, while in silico evaluation indicated no toxicity. However, 
neither the HPY compound nor the CCI compound inhibited the entry of hydrogen into the carbon 
steel during the pickling process.

Keywords: Carbon steel, hydrogen permeation, Devanathan-Stachurski cell, corrosion, ionic liquids.

1. Introduction
Steel structures can suffer from severe damage, such as 

brittle fracture, due to the absorption of hydrogen atoms1-3. 
Hydrogen can also penetrate the steel crystal lattice or lattice 
defects during acid cleaning, leading to embrittlement4-6. 
In many industries, hydrochloric or sulfuric acids are used 
at concentrations up to 20% in pickling processes to remove 
scale and in oil well acidizing, with organic inhibitors 
being used to prevent corrosion of steel1,2,7-10. However, it 
is not guaranteed that these inhibitors can also function as 
hydrogen permeation inhibitors11-14. Moreover, there is a 
lack of systematic experimental studies investigating the 
effect of organic inhibitors on acid pickling corrosion11,15,16, 
while even fewer studies have addressed hydrogen 
permeation inhibition4,6,17.

Ionic liquids (ILs) are compounds with high ionic 
conductivity, nonflammability, and high thermal stability18-20. 
Recently, these compounds have been evaluated as steel 
corrosion inhibitors. For instance, alkylimidazolium-
based ILs, such as 1-ethyl-3-methylimidazolium acetate 
[(EMIM)+(Ac)-] and 1-butyl-3-methylimidazolium 

tetrafluoroborate [(BMIM)+(BF4)
-], have demonstrated 

notable inhibition efficiencies against the corrosion of 
carbon steel in HCl solution21-23. However, these corrosion 
inhibition studies were conducted using aqueous solutions 
containing up to 2 mol L-1 of HCl.

In recent work6, the authors used a modified Devanathan-
Stachurski (D-S) cell, where loading of hydrogen occurred 
during freely corroding steel dissolution in a pickling 
process employing a high concentration of hydrochloric 
acid (16.5%). In another study24 the authors designed a 
device to assess hydrogen permeation into steel during 
free corrosion in marine environments.

In earlier work17, researchers employed the D-S method 
to analyze the effectiveness of certain ionic liquid (IL) 
compounds in inhibiting hydrogen permeation in SAE 1020 
steel. Specifically, the ILs (BMIM)+(BF4)

- and (BMIM)+(Cl)- 
were evaluated and demonstrated 59% efficiency in inhibiting 
hydrogen permeation.

In the present work, in order to better understand 
the effects of ionic liquids on hydrogen permeation, 
investigation was made of the imidazolium ionic liquids 
1-ethyl-3-methylimidazolium acetate [(EMIM)+(Ac)-] and 
1-ethyl-3-methylimidazolium bromide [(EMIM)+(Br)-]. *e-mail: eliveltonalves@id.uff.br
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Also tested were the permeation inhibition efficiencies of 
a new compound synthesized in our laboratory, namely 
5-hydroxy-2-nitromethylene-hexahydropyrimidine (HPY), 
and a commercial corrosion inhibitor (CCI) used in pickling 
lines in the hot-dip galvanized steel industry.

In addition, quantum chemical calculations have been 
widely used to study reaction mechanisms and to elucidate 
many experimental observations. They have proven to be 
important tools in scientific corrosion research. Advances 
in methodology and implementation have reached the 
point where the predictive properties are reasonable and 
accuracy can be obtained from density functional theory 
(DFT) calculations17,25-28.

The inhibition efficiency is related to molecular and 
structural parameters. The geometry of the inhibitor in 
its ground state, as well as the nature of the molecular 
orbitals, can be obtained by DFT calculation29,30. Several 
quantum parameters are widely used to describe aspects of 
chemical reactions such as chemical selectivity, reactivity, 
and charge distribution.

The evaluation of corrosion inhibition properties is 
carried out by the analysis of HOMO (highest occupied 
molecular orbital) energy, LUMO (lowest unoccupied 
molecular orbital) energy, hardness (η), softness (S), 
global electrophilicity index (ω), the fraction of electrons 
transferred (ΔN), and electronegativity (χ).

Finally, considering the damage caused to the 
environment and ecosystems by most of the inhibitors 
in current use, in silico evaluation of HPY toxicity was 
performed.

2. Materials and Methods

2.1. Materials
The working electrodes were steel sheets with dimensions 

of 2.5 x 2.5 x 0.2 cm. The composition, ferrite/pearlite 
phases, grain size, and hardness (Table 1) were determined 
according to ASTM E 415a, ABNT NBR ISO 6508 - 1 and 2b, 
and ASTM E 45c.

For the analyses, the surfaces of the SAE 1008 and SAE 
1020 carbon steels were polished with different grade emery 
papers (200, 400, 600, 800, and 1200), followed by rinsing 
with deionized (Milli-Q) water. Carbon steel obtained after 
the hot strip mill process was also studied in this work. The 
nominal composition of this steel is shown in Table 1. For 
each steel sample, a geometrical area of 1 cm2, delimited 
by an O-ring, was exposed to the electrolytes.

The compounds (EMIM)+(Ac)-, (EMIM)+(Br)-, and 
(BMIM)+(BF4)

- (Figure 1a), with purity ≥95%, acids, and 
cleaning materials used in the experiments were acquired from 
Merck Sigma-Aldrich. The HPY inhibitor was produced in the 
laboratory (Figure 1b), according to the modified synthesis 
described previously31, using a mixture of 1,3-diaminepropan-
2-ol (5 mmol) and 1,1-bis-methylsulfanyl-2-nitromethylene 
(5 mmol), with ethanol (15 mL) as solvent, in a flask suitable 
for reactions in a microwave reactor (reaction 1). Microwave 
irradiation was applied for 20 min, to assist the double vinylic 
substitution according to an addition-elimination mechanism, 
producing 5-hydroxy-2-nitromethylenehexahydropyrimidine 
(HPY), with a yield of 82% after purification by filtration and 
extensive washing using cold ethanol.

Table 1. Chemical composition, phases, hardness, and grain size of the carbon steels.

Carbon steel
Composition (wt.%)a

Rockwell hardness (HRB)b Grain size (µm)c Pearlite (%)c Phase distributionc

C Mn P S
SAE 1008 0.08 0.27 0.02 0.01 82.9 9.5 4.5 random
SAE 1020 0.18 0.53 0.02 0.01 61.6 * 48.2 random

Steel with scale 0.06 0.35 0.02 0.02 65.1 8.5 4.4 random
*It was not possible to determine the grain size of the 1020 sample, because the microstructure matrix was 48.2% pearlite.

Figure 1. Structures of the compounds (EMIM)+(Ac)-, (EMIM)+(Br)-, (BMIM)+(BF4)-, and HPY. (a), and synthesis reaction of HPY 
compound (b).
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The NMR chemical shifts of the HPY compound are 
given below:

1H NMR (DMSO-d6): δ 8.90-8.74 (m, 2H), 6.28 (s, 1H), 
5.31 (d, J = 2.5 Hz, 1H), 4.06-3.98 (m, 1H), 3.39-3.32 
(m, 2H), 3.20-3.10 (m, 2H).

13C NMR (DMSO-d6): δ 154.23, 98.47, 58.38, 44.57.
Aqueous solutions containing 5.4 and 2.7 mol L-1 of 

the acids HCl and H2SO4, respectively, were prepared using 
deionized (Milli-Q) water.

Solutions containing 2 mmol L-1 of (EMIM)+(Ac)-, 
(EMIM)+(Br)-, and HPY, and 1.1 mmol L-1 of (BMIM)+(BF4)

-, 
were prepared in the HCl solution. A solution containing 
0.02 mL L-1 of the commercial corrosion inhibitor (CCI) 
was also evaluated. This inhibitor is used in pickling lines 
in the hot-dip galvanized steel industry.

The steels exposed to the different inhibitors and 
electrolytes are summarized in Table 2.

2.2. Electrochemical measurements
The experiment involved the acquisition of hydrogen 

permeation transients, polarization curves (PC), and 
electrochemical impedance spectroscopy (EIS) data, 
using a potentiostat (Sensit BT, PalmSens). The counter 
and reference electrodes used were Pt and Ag|AgCl|KClsat, 
respectively.

Hydrogen permeation during free corrosion of the steels 
in HCl and H2SO4 solutions was determined in the presence 
and absence of inhibitors, using a D-S type cell6,32 (Figure 2). 

The detection side employed 0.2 mol L-1 NaOH solution, 
which is a commonly used alkaline solution6. On this side, 
atomic hydrogen was performed by anodizing the steel 
at 0.0 V (vs. Ag|AgCl|KClsat). At this potential, the anodic 
current density was very low, due to formation of the passive 
oxide film. Therefore, the recorded current could be attributed 
exclusively to the atomic hydrogen formed on the hydrogen 
generation side of the sample.

The polarization curves (PCs) were obtained in the 
cathodic region, with scanning from -150 to +150 mV vs. 
OCP, at a rate of 0.166 mV s-1.

The EIS measurements were performed by applying 
an AC potential of 10 mV (rms) on the corresponding DC 
potential value of 0.0 V (vs. Ag|AgCl|KClsat) on the hydrogen 
detection side. At this potential, the steel was passivated, 
allowing for a correlation between the current density and the 
atomic hydrogen formed on the hydrogen generation side of 
the sample6. The experiments were conducted in the frequency 
range from 10.0 kHz to 10 mHz, with acquisition of 10 points 
per frequency decade. Z-view® software was used to fit the 
equivalent electrical circuits (EECs) to the experimental data. 
To account for non-ideal capacitive responses, capacitance was 
used to replace the constant phase elements (CPEs) in the EECs.

2.3. Weight loss measurements
The corrosion resistance of the steel was determined 

using the gravimetric method, which involved weighing 
the steel before and after pickling in aqueous acid solutions 

Table 2. Steels exposed to the different inhibitors and electrolytes.

Solutions Steels

2.7 mol L-1 H2SO4 aqueous solution 1020

5.4 mol L-1 HCl aqueous solution 1008,1020, and carbon steel (obtained after the hot strip mill process)

5.4 mol L-1 HCl aqueous solution + 2 mmol L-1 of (EMIM)+(Ac)- 1020

5.4 mol L-1 HCl aqueous solution + 2 mmol L-1 of (EMIM)+(Br)- 1020

5.4 mol L-1 HCl aqueous solution + 2 mmol L-1 of HPY 1020

5.4 mol L-1 HCl aqueous solution + 1.1 mmol L-1 of (BMIM)+(BF4)
- 1008

5.4 mol L-1 HCl aqueous solution + 2 mmol L-1 of CCI carbon steel (obtained after the hot strip mill process)

Figure 2. Schematic illustration of the Devanathan-Stachurski type cell.
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in the D-S cell. The difference in weight was then used to 
estimate the efficiency of the corrosion resistance.

2.4. Computational details
Complete geometrical optimizations of the investigated 

compounds were performed using density functional theory 
(DFT), employing the Becke three-parameter hybrid functional 
and the Lee-Yang-Parr correlation functional (B3LYP)33,34, 
with the 6-311G(d,p) basis set, performed using Gaussian 09 
software35. Vibrational analyses of the optimized structures 
determined whether they corresponded to a maximum or a 
minimum in the potential energy curve, with no imaginary 
frequencies being found.

The reactivity descriptors including electronegativity 
(χ), hardness (η), softness (S), and the fraction of electrons 
transferred (ΔN) were calculated from the energies of the 
highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO)36.

These descriptors were obtained using Koopmans’ 
theorem, where EHOMO and ELUMO of the inhibitor molecule 
were related to the ionization potential (I) and the electron 
affinity (A)37:

I HOMOE= −  and  LUMOA E= −  (1)

     
2

I Aχ +
=   (2)

         
2 2

I A ELUMO EHOMOη − −
= =−   (3)

1 S
η

=   (4)

– 
  

2 
Fe

inh

inh
N

χ χ
η

∆ =   (5)

where, χFe and ηFe are the electronegativity and hardness of 
iron, respectively.

2.5. In silico toxicity predictions
HPY toxicity was predicted using the freely available 

models Toxicity Estimation Software Tool (T.E.S.T.)38 and 
Toxtree39.

Based on 2D molecular descriptors, T.E.S.T. can predict 
toxicity values for different test models38. The software is 
available online, providing predictions of toxicity based 
on quantitative structure-activity relationship (QSAR) 
mathematical models.

Toxtree applies a decision tree approach to estimate 
toxic hazard39. Benigni/Bossa rules for carcinogenicity and 
mutagenicity were used to obtain the predictions40.

3. Results and Discussion

3.1. Electrochemical measurements

3.1.1. Hydrogen generation side
Figure 3 presents the polarization curves for the SAE 

1020 steel in aqueous HCl and H2SO4 solutions. It can be 
seen that the current densities in the cathodic branch for 
steel immersed in HCl solution were slightly higher than 

obtained in H2SO4 solution. On the other hand, the current 
densities in the anodic branch were similar for steel immersed 
in both solutions.

The following electrochemical and chemical reactions 
(6-8) occur at the cathodic sites41:

( )3 aq ad 2 lH O e H H O  + −+ +  (electrochemical Volmer reaction) (6)

( )ad 2 g2H H    (chemical Tafel reaction) (7)

( ) ( )ad 3 aq 2 2g l2H H O  e H H O  + −+ + +  
(electrochemical Heyrovsky reaction) (8)

At the anodic sites, dissolution of the metal occurs (9):

( ) ( )
2

s  aqFe 2e  Fe− +→ +   (9)

The steel immersed in HCl solution also presented a 
slightly higher OCP value. The lower H2SO4 concentration, 
compared to the HCl solution, and the low degree of ionization 
to HSO4

- 42 in the solution decreased hydrogen reduction in 
the cathodic branch.

Although a small difference in electrochemical behavior 
was observed for the steel immersed in the two solutions, 
the mass losses determined by the gravimetric method were 
equal. The mass loss value after 4.5 h of immersion in acid 
solution was (73 ± 11) mg cm-2.

3.1.2. Hydrogen detection side
Figure 4 shows the hydrogen permeation transients 

(ip) for the SAE 1020 steel during pickling in aqueous HCl 
and H2SO4 solutions. The hydrogen permeation results for 
measurements carried out in HCl and H2SO4 solutions were 
used to define the base electrolyte for the subsequential tests 
utilizing inhibitors.

Figure 3. Polarization curves for the SAE 1020 steel in aqueous 
HCl and H2SO4 solutions.
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The detection of atomic hydrogen was performed by 
anodizing the steel at 0.0 V (vs. Ag|AgCl|KClsat). Due to 
formation of the passive oxide film, the recorded current could 
be attributed exclusively to the atomic hydrogen formed on 
the hydrogen generation side of the sample.

The corrosion process on the hydrogen generation side 
resulted in the production of adsorbed (ad) hydrogen atoms. 
These atoms could then be absorbed (ab) by the steel:

ad ab H H     (10)

The hydrogen permeation transients (Figure 1) presented 
three distinct regions with differing behaviors. Regions 1 
and 1’ were recorded up to 2.5 h, before acid addition on the 
hydrogen generation side. These current densities corresponded 
to the transportation of vacancies across the passive film. In 
region 2, which began at 2.5 h, acid solutions were introduced 
to the hydrogen generation side. Within approximately 4 min, 
the current density increased until reaching the steady-state 
permeation current, denoted as ip

ss. The transient process 
lasted approximately 1 h, during which time regions 3 and 
3’ were observed. The current densities for the steel samples 
immersed in H2SO4 and HCl solutions were approximately 
6 and 3 μA cm-2, respectively, in these regions.

Previous work investigated the effects of chloride ions 
on the kinetics of the hydrogen evolution reaction and on 
hydrogen absorption and permeation at an iron surface 
in 0.5 mol L-1 H2SO4 solution, at 23 °C, using the D-S 
permeation method43. According to the authors, a decrease 
in hydrogen permeation could be attributed to an increase in 
the rate constant of the H2 formation step (reaction 7) and/
or a shift of the equilibrium position towards the adsorption 
side (reaction 10).

These results were consistent with the polarization curves 
(Figure 3), which showed that the presence of chloride acted 
to increase the current densities in the cathodic branch, and 
were also in agreement with previous work43.

In order to ensure that the current density was associated 
with hydrogen permeation, the H2SO4 and HCl solutions 
were removed from the hydrogen generation side. After 
this, the current densities decreased exponentially as a 
function of time, showing the effect of the removal of the 
acid solutions on hydrogen generation. For steel immersed 
in H2SO4 solution, the current density, as a function of time, 
reached values close to zero at approximately 11 h. On the 
other hand, for steel immersed in HCl, the current density 
reached a constant value of approximately 1 μA cm-2 at 11 h.

The difference between the current densities for steel 
immersed in the different solutions was associated with the 
formation of FeSO4 on the steel, after removal of the H2SO4 
solution. Even with the removal of the H2SO4 solution, 
there was a solution film on the steel. Therefore, the iron 
ion concentration increased in this solution film. These high 
iron ion and acid concentrations in the solution film could 
then favor FeSO4 formation and block the corrosion reaction 
on the steel44, preventing injection of atomic hydrogen into 
the steel. On the other hand, removal of the HCl solution 
could also lead to formation of the solution film, but in this 
case, there were no solid corrosion products on the steel. 
Therefore, after removal of the acid solution, the corrosion 
process could continue to occur. This result was confirmed 
in the other experiment shown in Figure 5.

Figure 5 shows the ip measurements, on the hydrogen 
detection side, for the SAE 1020 steel during pickling in 
aqueous HCl solution on the hydrogen generation side. 
In this experiment, after HCl removal (region 3), the current 
density decreased as a function of time, until reaching a 
constant value at approximately 1 h. At 1.25 h, the hydrogen 
generation side was rinsed three times with deionized water 
(point 4 in the curve), after which the current density again 
showed a decreasing trend. The rinsing process resulted in 
replacement of the HCl solution by deionized water, which 
decreased the corrosion process and, consequently, also 
decreased the injection of atomic hydrogen into the steel.

Figure 4. Hydrogen permeation transients for the SAE 1020 steel 
during pickling in aqueous HCl and H2SO4 solutions.

Figure 5. Hydrogen permeation transient measurements, on the 
hydrogen detection side, for the SAE 1020 steel after removal of 
the HCl solution.
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The oxide film on the hydrogen detection side was also 
characterized by EIS, before (at 2.25 h) and during hydrogen 
permeation (at 4 h). Figure 6 shows the complex plane (A) 
and Bode (B) diagrams obtained with the experimental 
data, together with the fitted values (continuous lines). The 
near-vertical form of the plots in the complex plane diagram 
indicated the dominance of the capacitance associated 
with the passive oxide films. However, the resistance in 
this interface was lower during hydrogen permeation than 
before permeation.

In the Bode diagram, two collapsed time constants were 
detected, at ∼9.7 Hz and at a frequency lower than 2.0 Hz, 
irrespective of the electrolyte used (Figure 6b). However, 
at lower frequencies, the phase angles were higher without 
hydrogen permeation than with hydrogen permeation. 
This indicated that hydrogen permeation decreased the 
oxide resistivity.

These results suggested that the first time constant, at high 
frequency, was associated with the double layer capacitance 
and the charge transfer resistance, while the second time 
constant, at low frequency, was associated with the oxide 
film resistance and capacitance.

The EEC shown in Figure 7 was fitted to the experimental 
data. In this work, the nox and ndl values were within the 
range 0.5 < n < 1 (Table 3), indicative of non-homogeneous 
current distributions or heterogeneous distributions of the 
properties of the oxide.

The level of agreement between the fitted and experimental 
EIS data was evaluated using the chi-square (χ2) test, with 
values around 10−3 (Table 3) indicating a good fit. To account 
for non-ideal capacitive responses, the constant phase element 
(CPE) was employed, with values of the n parameter falling 
within the range from 0.5 to 1 (Table 3). This range suggests 
non-homogeneous current distributions or heterogeneous 
distributions of the oxide properties45.

In this EEC, Rs corresponds to the electrolyte resistance. 
Rct and CPEdl represent the charge transfer through the double 
layer nonideal capacitance in the oxide/solution interphase. 
Rox and CPEox are related to the oxide film (Figure 7). This 
EEC has also been reported in the literature46.

The Fe3O4 passive film, which has a layered structure formed 
by the gradient of the Fe(III) concentration, which increases 
from the substrate to the solution, has been reported in studies 
involving the immersion of iron in alkaline solutions. In an 
Fe3O4 passive film without hydrogen permeation, conductivity 
is attributed to the transport of vacancies through the passive 
film46. However, in an oxide film with hydrogen permeation, 
the hydrogen atoms partially reduce the oxide layer at the 
exit side of the metal. As a result, in addition to the transport 
of vacancies through the passive film, the anodic current 
recorded with anodic polarization can also be due to a circular 
mechanism of iron reduction (Fe2+) and re-oxidation (Fe3+)47, 
which decreases the resistance of the oxide film.

The thickness of the passive film prior to hydrogen 
permeation was obtained using the CPEox circuit element, 
as shown in Figure 7 and Table 2. To establish this, the 
correlation between CPEox and the effective capacitance of 
the oxide (Ceff) was determined using Equations 11 and 1248-50:

( ) ox1 n
eff ox o oC gCPE −= ρ εε   (11)

( )2.375
oxg 1 2.88 1 n= + −   (12)

where, ρo is the critical interface resistance (500 Ω cm–1), εo 
is the vacuum dielectric constant (8.854×10−14 F cm-1)50, and 
ε is the dielectric constant of the passive film. According 
to the literature50, this value can be considered equal to 12.

The thickness of the oxide passive film can be expressed 
as follows:

Figure 6. Experimental and fitted (continuous lines) complex plane (A) and Bode (B) diagrams obtained for the SAE 1020 steel on the 
hydrogen detection side, before (1) and during (2) pickling in aqueous HCl solution on the hydrogen detection side.

Figure 7. Equivalent electrical circuit (EEC) used to fit the impedance 
data obtained for the SAE 1020 steel on the hydrogen detection 
side, before and during pickling in aqueous HCl solution on the 
hydrogen detection side.
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o

eff
L  

C
εε

=   (13)

The calculated thickness of the oxide film was 69 nm 
(Table 2). Previous work obtained a value of 71.1 nm for 
the film on Fe-C alloy with 0.7% C, using ellipsometry in 
0.05 mol L-1 KOH, at room temperature51.

As shown in Figure 8, the time taken to reach the steady 
state was approximately 1 h for the 1020 and 1008 steels 
immersed in HCl solution without any inhibitor, as well as for 
the 1020 steel in the presence of the inhibitors (EMIM)+(Ac)- 
and (EMIM)+(Br)-. The 1008 steel was only exposed to the 
(BMIM)+(BF4)

- inhibitor, with a longer time taken to achieve 
the steady state (1.5 h to reach the stationary current). In the 
presence of HPY, the 1020 steel reached the steady state in 
0.5 h and presented the highest ip

ss values, suggesting that 
the compound favored hydrogen permeation in the steel.

The different steels presented similar ip values in the 
absence of any inhibitor, even though these steels differ in 
terms of composition, hardness, and microstructure (Table 1). 
In previous works52,53, it was shown that for 1010 and 1020 
steels, the difference between the hydrogen permeability values 
may be small. Furthermore, in another study54 was related 
that the random ferrite/pearlite structure (Table 1) does not 
affect the hydrogen diffusion and permeability in carbon steel.

The ip
ss value for the solution without inhibitors, as 

well as in the presence of HPY, was about 3.2 μA cm-2, 
while the solutions with (EMIM)+(Br)-, (EMIM)+(Ac)-, and 
(BMIM)+(BF4)

- presented ip
ss values of approximately 2.6, 

2.4, and 2.2 μA cm-2, respectively.
To determine the hydrogen permeation inhibition 

efficiency values, IEp (%), Equation 14 was employed4,28:

( )
( )

( )

ss o ss
p p

p ss o
p

i i
IE % 100 

i

 
− =  

 
 

  (14)

where, iSS(o)
p and ip

ss are the steady-state permeation currents 
in the absence and presence of the inhibitor, respectively.

To calculate the corrosion inhibition efficiency, IEw (%), 
Equation 15 was utilized55,56:

( )
o

w o
w wIE % 100

w

 − =
 
 

  (15)

where, wo and w are the mass loss values in the absence and 
presence of the inhibitor, respectively.

The addition of (EMIM)+(Br)- was found to accelerate 
the corrosion process. However, it also resulted in a 15.8% 
reduction of hydrogen entry into the steel, as shown in Figure 9.

The increased corrosion could be attributed to the presence 
of bromide57. The large size and ease of polarization of Br- 
lead to lower corrosion inhibition, while smaller anions 
can interact more easily with the metal surface, leading to 
stronger adsorption. Furthermore, smaller anions can diffuse 
more rapidly, leading to better coverage and uniformity of 
the corrosion inhibitor on the metal surface58. The size of 
the anion can also influence the electrochemical behavior 
of the IL, affecting parameters such as its redox potential, 
which can influence the corrosion inhibition mechanism59-61.

Table 3. Equivalent electrical circuit parameter values obtained from fitting of the experimental data. The error % values for each element 
of the circuit are shown in parentheses.

Conditions Rs 
(Ω cm2)

CPEdl 
(μF cm−2 sα-1) ndl

Rct 
(kΩ cm2)

Rox 
(kΩ cm2)

CPEox 
(μF cm−2 sα-1) nox

χ2 
(10-3)

L 
(nm)

Without hydrogen permeation 29 53 0.9 30 48 15 1.0 0.1 69
(0.2) (0.6) (0.1) (8.7) (30.3) (8.9) (11.4)

With hydrogen permeation 28 49 0.9 13 23 22 0.9 0.3 -
(0.3) (1.2) (0.2) (12.2) (21.9) (9.8) (11.9)

Figure 8. Hydrogen permeation transients for the carbon steels during 
pickling in aqueous HCl solution, in the absence and presence of 
(EMIM)+(Ac)-, (EMIM)+(Br)-, (BMIM)+(BF4)

-, and HPY.

Figure 9. IEw and IEP values obtained in the presence of (EMIM)+(Ac)-, 
(EMIM)+(Br)-, (BMIM)+(BF4)

-, and HPY.
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In these circumstances, the inhibition of hydrogen 
permeation by (EMIM)+(Br)- was probably not due to 
blocking by an inhibitor film (geometric blocking), given that 
the steel presented an accelerated corrosion process. Other 
possible mechanisms are related to the effects of cations 
and anions62,63. The findings of the present work showed 
that the anions could influence the entry of hydrogen into 
the steel (Figure 4). In contrast to the effect of chloride, the 
permeation of hydrogen increases in the presence of bromide43. 
Since the bromide allowed the entry of hydrogen into the 
steel and (EMIM)+(Br)- did not protect against corrosion, 
it is likely that (EMIM)+ contributed to the inhibition of 
hydrogen permeation.

In the presence of (EMIM)+(Ac)-, the inhibition process 
was not effective against corrosion (IEcorr = 8%), while there 
was an approximately 23% reduction of hydrogen entry into 
the steel (Figure 9). In addition to (EMIM)+, the (Ac)- counter 
ion may also affect hydrogen inhibition64.

Although the (BMIM)+(BF4)
- concentration was lower 

than those of (EMIM)+(Ac)- and (EMIM)+(Br)-, this compound 
provided higher corrosion and hydrogen permeation inhibition 
efficiency values (23% and 30%, respectively), compared 
to the other ionic liquids (Figure 9).

Earlier work investigated the effects of quaternary 
ammonium salt ILs on the absorption of hydrogen by mild 
steel in hydrochloric acid solution14. It was observed that 
the compounds inhibited steel dissolution and hydrogen 
absorption, which was attributed to a decrease in the rate 
constant for discharge of H+ ions (reaction 6) and an increase 
of reaction 7.

The optimal corrosion inhibition was achieved with HPY, 
which exhibited an inhibition efficiency of 61% (as shown 
in Figure 9). This was probably due to the ability of the 
inhibitor to obstruct the formation of hydrogen molecules on 
the surface of the steel. In other words, the HPY compound 
could adsorb on cathodic sites, preventing hydrogen molecule 
formation and consequently accelerating the penetration of 
atomic hydrogen into the steel16,65.

The permeation inhibition efficiency of a commercial 
corrosion inhibitor (CCI) was also evaluated for steel with the 
presence of scale, during pickling in aqueous HCl solution 
(Figure 10). The carbon steel obtained after the hot strip mill 
process presented ip

ss values smaller than those obtained for 
the 1008 and 1020 steels.

For the solution without inhibitor, the time required to 
reach the maximum permeation current was approximately 
40 min, compared to a time of around 25 min in the presence 
of the CCI. The maximum permeation currents were similar 
for the two solutions. However, after 0.4 h, the permeation 
current for the solution with the inhibitor decreased as a 
function of time, from 2.8 μA cm-2 at 25 min to 2.4 μA cm-2 
at 2 h, indicating that the inhibitor was unable to protect 
against hydrogen permeation up to 25 min. The corrosion 
inhibition efficiency was 58% (Figure 9).

3.2. Quantum chemical calculations
Quantum chemical calculations based on density 

functional theory (DFT) were used to study the effect of 
electronic structure on the corrosion inhibition efficiencies of 
the compounds HPY and (BMIM)+(BF4)

-. The ionic liquids 

(EMIM)+(Ac)- and (EMIM)+(Br)- were not included in the 
calculations, because they did not exhibit efficient inhibition.

The inhibition efficiencies were evaluated using theoretical 
corrosion inhibition parameters. The results for the calculated 
quantum chemical parameters are listed in Table 4.

The HOMO energy and the HOMO–LUMO gap (ΔE) 
are very important for studying the reactivity and stability 
of structures. According to the literature, the adsorption of 
the inhibitor on the metal surface increases with increasing 
HOMO energy28,36,55. A high EHOMO value is associated with a 
strong tendency to donate electrons into the vacant d orbitals 
of the metal surface. It can be seen that the EHOMO values for 
the inhibitors followed the order HPY > (BMIM)+(BF4)

-.
Another important parameter for evaluation of 

reactivity is the energy gap between HOMO and LUMO. 
The calculated results showed that the order of the energy 
gap was HPY < (BMIM)+(BF4)

-. A smaller energy gap 
value indicates lower stability, high polarizability, and high 
chemical reactivity, which is reflected in higher corrosion 
inhibition efficiency.

Table 4. Quantum chemical parameters of the inhibitors, obtained 
using density functional theory (B3LYP/6-311G(d,p)).

Parameters HPY (BMIM)+(BF4)
-

EHOMO (eV) -6.06 -7.69

ELUMO (eV) -1.28 -0.91

I (eV) 6.06 7.69

A (eV) 1.28 0.91

ΔE (eV) 4.78 6.78

χ 3.67 4.30

η (eV) 2.39 3.39

S (eV-1) 0.418 0.295

ΔN 0.70 0.40

Figure 10. Hydrogen permeation transients for the steel with 
presence of scale, during pickling in aqueous HCl solutions, in the 
absence and presence of the CCI.
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According to the Pearson HSAB principle, a hard molecule 
is associated with low basicity and low electron donating 
ability, while a soft molecule is associated with high basicity 
and high electron donating tendency66,67. In this study, the 
values of global hardness and softness followed the order 
HPY > (BMIM)+(BF4)

-.
The literature reports that a positive number for the 

fraction of transferred electrons indicates that the molecule 
acts as an electron acceptor. In the present work, all the ΔN 
values were positive, indicating that all the inhibitors were 
able to donate electrons to the metal surface68.

Quantum chemical parameters such as the HOMO 
energy, the energy gap (ΔE), global hardness (η), and 
chemical softness are crucial properties of a reactive 
inhibitor molecule for adsorption on the metal surface. An 
efficient inhibitor is characterized by a small energy gap. 
Therefore, it can be seen from the values in Table 3 that 
HPY was the better inhibitor. The low energy gap could 
be attributed to relative destabilization of the HOMO or 
stabilization of the LUMO.

The highest occupied molecular orbital (HOMO), lowest 
unoccupied molecular orbital (LUMO), and electrostatic 
potential (ESP) for the inhibitors are shown in Figure 11.

In Figure 11, negative electrostatic potential regions (red) 
are favorable for electrophilic attack. On the other hand, 
positive electrostatic potential regions (blue) are favorable 
for nucleophilic attack.

The HOMO and LUMO surfaces of the HPY inhibitor 
showed the π and π* character of hexahydropyrimidine 
moieties. On the other hand, the HOMO of (BMIM)+(BF4)

- 
was distributed over the anion units and showed a typical 
σ bond. The LUMO surface of (BMIM)+(BF4)

- contained 
contributions from the imidazolium ring.

Therefore, for the compounds studied here, the inhibition 
efficiency was in the following order: HPY > (BMIM)+(BF4)

-.

3.3. In silico toxicity evaluation
Considering the need for corrosion inhibitors that are 

both efficient and environmentally friendly, it was important 
to evaluate the toxicity of HPY, since traditional inorganic 
and organic inhibitors tend to be toxic and polluting69. 
In silico tools have limitations, but they are easy to use, 
inexpensive, and allow the assessment of toxicity when no 
experimental information is available.

T.E.S.T. mutagenicity evaluations were obtained 
using the hierarchical clustering method38. This method 
was chosen because it provided the best matches between 
predicted and experimental values for similar chemicals in 
the training set. The prediction showed that HPY should 
be non-mutagenic.

The Toxtree results agreed with the T.E.S.T. predictions, 
also indicating that HPY has no potential mutagenicity. 

Figure 11. Frontier molecular orbital surfaces (HOMO and LUMO) and ESP for the inhibitors (a) HPY and (b) (BMIM)+(BF4)
-.
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Toxtree also predicted that the compound has no potential 
carcinogenicity.

Although ILs used to be low toxicity, many of them 
now present moderate to very high toxicity. For example, 
(BMIM)+(BF4)

- has been shown to be effective in inhibiting 
corrosion and hydrogen permeation, but it has a moderate 
toxicity level70. This highlights the importance of performing 
previous in silico evaluation, before synthesizing and testing 
new compounds, in order to save time and resources in the 
search for green corrosion inhibitors.

Finally, our research group has been trying to discover a 
method to produce an inhibitor that combines the characteristics 
of HPY and (BMIM)+(BF4)-. For this, it is necessary to 
alkylate the nitrogens of the cyclic system. However, it is 
not known whether the nitrogens are rich in electrons, due 
to resonance with the nitro methylene group, or whether the 
alkylation will not harm the inhibition. Therefore, further 
theoretical and experimental investigations are needed.

4. Conclusions
The pickling process in 5.4 mol L-1 HCl solution decreased 

the hydrogen permeation current by 50%, although there 
was no difference between the rates of corrosion of steel in 
HCl and H2SO4 (2.7 mol L-1). The resistance of the passive 
film on the detection side decreased during the permeation 
of hydrogen.

The different steels presented similar ip values in the 
absence of any inhibitor, even though these steels have 
different compositions and microstructures. The carbon steel 
obtained after the hot strip mill process presented ip

ss values 
smaller than those obtained for the 1008 and 1020 steels.

The cations and anions of ILs play important roles 
in the inhibition of hydrogen permeation in carbon steel. 
The compound (BMIM)+(BF4)

- presented efficiencies of 
23% and 30% for the prevention of corrosion and entry 
of hydrogen into the steel, respectively. The compounds 
(EMIM)+(Br)- and (EMIM)+(Ac)- were not effective against 
corrosion, possibly due to the high HCl concentration and 
the low inhibitor concentration (2 mmol L-1), but presented 
efficiencies of 15.8% and 23%, respectively, for reduction 
of hydrogen entry into the steel.

The compound HPY provided more effective corrosion 
inhibition (61%). In contrast, this compound and the CCI 
did not inhibit hydrogen permeation.

Although it was not possible to predict the inhibition 
of hydrogen permeation, the results obtained using DFT 
(B3LYP/6-311G(d,p)) for (BMIM)+(BF4)

- and HPY revealed 
that the quantum chemical parameters and inhibitor efficiency 
were closely related. The theoretical quantum study 
demonstrated that the inhibition efficiency increased with 
increase of EHOMO and decreases of ELUMO and the energy 
gap (ΔE). The order of corrosion inhibition found by the 
theoretical calculation, HPY > (BMIM)+(BF4)

-, agreed with 
the inhibition efficiencies observed experimentally.

Combining these conclusions with in silico toxicity 
predictions, it will be possible to propose new compounds 
as potential nontoxic corrosion inhibitor candidates, for 
further synthesis and electrochemical evaluation.
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