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Revised 24 Sept 2019, The green corrosion behaviour (GCB) of carbon steel and Copper (Cu) were performed
Accepted 25 Sept 2019 in 0.5 M of sulfuric acid, using Boldine such as green corrosion (GC) inhibitor. The
electrochemical analysis using different concentrations of Boldine was carried out though
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v’ Green corrosion Spectroscopy (EIS). Also, adsorption isotherms, corrosion rates and quantum chemical
inhibitor, studies were estimated. The results showed that the GCB of Boldine was better for Cu
v Boldine, than carbon steel. The GC inhibition efficiency (GCIE) for Cu through PPC was 87 %
v Carbon steel, observing that Boldine acts as cathodic inhibitor. The GCIE for Cu by EIS was 89 %. The
v’ Copper, diffusion qf ions_ in the cathodic react_ion of Cu diminished by a mixtur_e of physisorptio_n
7 Sl sl gnd chemisorption process of Bolgjlne over the metal surface obeyln_g the Langmuir
isotherm model, according to the Gibbs free energy. The quantum chemical calculations
mg.valladares@uaem.com; showed that Boldine favorably adsorbed on Cu surface through the electronegative
Phone: +527773297039; density atoms such as active centers of adsorption. The theoretical conclusions are

Fax: 4527773297039 agreement with the experimental data reported.

1. Introduction

Corrosion of carbon steel and Copper during acid cleaning plays an important role in mainly
industrial process. Sulfuric acid (H2SOa), hydrochloric acid (HCI) and nitric acid (HNO3) are the most
commercially available acids, and all of these corrosive media cause metal dissolution during cleaning
process [1]. Therefore, corrosion inhibitors have been a good alternative to decrease or prevent corrosion
rate in metallic substrates. These substances are added in small concentrations to corrosive media to
reduce metal losses. Synthetic commercial organic inhibitors containing heteroatoms in there structures
were better option for the industries and, they were widely used in acid environments in the middle of
the 20" century [2]. Due to some synthetic and inorganic inhibitor are toxic [3], in recent years the safety
regulations are increasing and in the case of aqueous cleaners recommend preferably use of safe clean
chemicals and reduce the wastes to produce in cleaning processes [4].

Therefore, greats efforts have been done about searching for new corrosion inhibitors [5, 6]. It
has also been studied organic substances from natural sources in different media for various metals [7-
11]. In the case of extracts from plants, studies have been demonstrated that they are a good alternatives
[6, 12-17]. Recently some alkaloids have been studied as corrosion inhibitors by electrochemical
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techniques, adsorption isotherms, quantum chemical studies and weight loss. The study as green
corrosion inhibitor of alkaloids extract from Retama monosperma stems (AERMS) on carbon steel in 1
M HCI mentioned that AERMS inhibited the corrosion efficiently more than 80 % [18]. Also, the
alkaloid fraction of the ethanol extract from Costus afer (AECA) was reported with properties as green
corrosion inhibitor of mild steel in 5 M HCI by gasometric and gravimetric techniques [19].

The methanol extract of Peumus boldus (P. boldus), which in a previous report it was
demonstrated to be a potential corrosion inhibitor [20], due to the presence of aromatic compounds as
alkaloids. Alkaloids like Boldine and their derivatives [21] are found in the leaves of P. boldus and, they
have been shown effective hepato-protective action also due to their antioxidant activity [22, 23]. The
chemical structure of Boldine is given in Figure 1.

HO

Boldine
Figure 1. Chemical structure of the natural alkaloid Boldine (Molecular weight 327.37 g/mol)

Taking as reference the principal components of P. boldus extract, the main objective of this
work is to evaluate the inhibitory effect of Boldine on the corrosion of carbon steel and Copper, in H2SO4
0.5 M using electrochemical techniques, adsorption isotherms and quantum calculations.

2. Material and Methods
2.1. Preparation of metal electrodes

Cylindrical probes with diameter of 0.6 mm of Copper and carbon steel (0.14% C, 0.90% Mn,
0.03% P and balance Fe) with a Copper wire spot welded on them, were encapsulated in a commercial
polymeric resin. The exposed area was 0.28 cm? which was abraded with 600 SiC emery paper.

2.2. Testing solution

It was used H2SO4 at 98% analytic grade, Boldine which was purchased from Aldrich and used
without further purification, and distilled water.

The corrosive media was made diluting sulfuric acid in distilled water to obtain a concentration
of 0.5 M. Also, Boldine was prepared in a concentrated solution to be added in the corrosive media and
obtain five different testing concentrations (0.010, 0.050, 0.100, 0.300 and 0.500 g/L). All
electrochemical cells were carried out at 25 °C in open atmosphere.

2.3. Parameters of electrochemical tests

Potentiodynamic polarization curves (PPC) and Electrochemical Impedance Spectroscopy (EIS)
measurements were used. For EIS tests, the amplitude applied for the signal was 20 mV. Also, the
frequency interval was of 10 KHz to 0.01 Hz. Each specimen for the PPC were taken in a potential range
of £ 500 mV around the open circuit potential, with a scan rate of 1 mV/s. The values of corrosion
current density for carbon steel were calculated by Tafel cathodic slope extrapolation. On the other hand,
the corrosion current density for Copper was calculated by anodic Tafel slope.

All experiments were carried out using a fully automated protentiostat/galvanostat from ACM
instruments. A saturated Ag/AgCl reference electrode and graphite rod as auxiliary electrode were used.
In each assay was reached a steady-state value, immersing each specimen into the solution during 20
min. All the experiments were repeated three times.
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3. Results and discussion
3.1. Potentiodynamic Polarization Curves (PPC) for carbon steel

The carbon steel behaviour on PPC curves in absence and in the presence of different
concentrations of Boldine is observed in Figure 2, were the corrosion potential shifted to more negative
values for low concentrations (0.010, 0.050, and 0.100 g/L). This behaviour is may be due to the active
state in the presence of the alkaloid, which favours the polarization of the anodic reactions, and promotes
the dissolution of carbon steel [24]. The cathodic branch is reduced, and the slopes were modified in the
presence of Boldine. It could be due to the alkaloid influences strongly the cathodic reduction reaction,
although, Boldine can be classified as cathodic inhibitor [25].
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Figure 2. PPC for carbon steel in the presence of different concentrations of Boldine in H,SO, 0.5 M at 25 °C in open
atmosphere.

However, carbon steel in the presence of the highest concentrations (0.300 and 0.500 g/L)
showed that the cathodic Ecorr Value changed near to the blank value decreasing the polarization of the
anodic reaction. Therefore, the current density is diminished as can be seen in Table 1.

The corrosion rate CR (mm/yr) values from PPC were calculated using equation 1, assuming that
the whole metal surface is attacked by uniform corrosion:

Icorr
d

CR =K

EW 1)

where leorr is the corrosion current density (nA/cm?), d represents the density (7.874 g/cm?), K is a
constant (3.27 x 10 mm g/pA cm yr), EW is the equivalent weight of carbon steel [26].
Also, the corrosion inhibition efficiency percent (CIE %) was calculated with the following

equation:
CIE % = =1 o 100 ?)

I9corr

where leor represents the corrosion current density in the presence of Boldine and %o is the current
density obtained from the blank sample.

Taking into account the dissolution of iron in acid solution at equilibrium, where the total
cathodic rate is equal to the total anodic rate [27], the parameters were calculated with cathodic Tafel
slope (Bc) extrapolation [28] (see the supplementary information), due to the anodic Tafel slope is not
visible due to the anodic dissolution does not displays Tafel region zone and the anodic branch presented
and active/passive transition [29, 30]. Therefore, anodic curve did not present well-defined Tafel region.
According to these parameters, Boldine presented the highest efficiency (71%) for carbon steel at 0.300
g/L.
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Table 1. PPC Electrochemical parameters of carbon steel in the presence Boldine in acid solution at 25 °C in open

atmosphere
Boldine lcorr -Ecorr -BC CR CIE %
gL  X10°M (mA/cm?) (mV) (mV/dec) (mmliyr)

0 0 1.9 393 218 3.08 x10° -
0.010 0.0305 13 558 181 2.08 x10° 31
0.050 0.1527 14 566 167 2.95 x10° 26
0.100 0.3054 1.6 562 131 3.95 x10° 16
0.300 0.9163 0.5 443 172 6.26 x10° 71
0.500 0.5273 0.7 445 171 9.74 x10°® 63

3.2. EIS measurements for carbon steel

The overall impedance for carbon steel is represented in Nyquist and Bode plots in the presence
of different concentration of Boldine (Figure 3). It is possible to observe a depressed capacitive
semicircle at the higher frequency range, followed by an inductive loop at low frequencies [31] in the
Nyquist plots in all concentrations. This phenomenon is corroborated in the Bode plots (Figure b), where
the phase angle presents at least two time constants. These can be due to more than one process occurring
on the metal surface. The capacity loop in the high frequency range can be due to the heterogeneity of
the surface an adsorption process [32]. Also, the inductive loop can be attributed to the relaxation of
adsorbed species as Hads [25].
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Figure 3. Carbon steel behaviour in H,SO, 0.5 M and Boldine at 25 °C by EIS technique
a) Nyquist and b) Bode plots.
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The equivalent circuit presented in Figure 4, can be used to analyse and fit all impedance data
obtained, because the addition of Boldine does not alters the mechanisms for the metal dissolution, that
is to say, equivalent circuit fits in the same way in the presence of inhibitor and in the blank sample. As
an example, it is shown experimental and simulated data for carbon steel in H.SO4 0.5 M. According to
the equivalent circuit model was obtained electrochemical parameters such as Rs that represents the
solution resistance, Cq is the double-layer capacitance, the effect of the organic compound for carbon
steel at high frequencies represents the capacitive loop, Rc-C, and RL-L are in parallel and represents
the inductive loop at low frequency. According to Poorgasemi et al. [33] the capacitive loop is attributed
to the charge transfer reaction. Also, the inductive loop (RL-L) observed at low frequencies is attributed
to a relaxation process by the adsorption of ions from the electrolyte over the metal surface. Moreover,
Lorenz and Mansfeld [34] suggest that the inductive loop which has not a perfect semicircle shape in
low frequency is a phenomenon observed for iron in acidic media (0.5 M H2S0O4) that depends on the
nature of the acid, the additive, time and potential. This inductive loop can disappear after log times of
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immersion. According to the suggestions made by these authors, in this work the effect of the organic
compound was analysed in the first 2 hours of immersion.
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Figure 4. Electric circuit fitted for carbon steel in H.SO4 0.5 M in absence and in the presence of Boldine in open
atmosphere: a) Nyquist and b) Bode plots () experimental; (—) calculated.

The parameters calculated for EIS technique according to the circuit fit can be seen in Table 2.

When an inductive loop appears at low frequencies, the polarization resistance (Rp) can be calculated
from equation 3 [35].
_ Rp XRgt

p R+ Ret

@)
Therefore, the CIE % value was calculated from R data as in the following equation [25].

_ Rp
CIE % = (1- R—p) x 100 4
where R%, and R, are the polarization resistance in absence and in the presence of Boldine respectively.
Also, in Table 2 is observed that generally Cqi decreased according to the increase of the R, value, and
the more inductance L increases, the more CIE increase, obtaining the best efficiency (65%) at 0.300
g/L.

Table 2. EIS parameters of carbon steel in presence of Boldine in acid solution at 25 °C in open atmosphere.

Boldine Rs Cal Ret C RL L Rp CIE
g/L  X10°M (Qem?) (WFcm?)  (Q/em?) (UFcm?)  (Q/em?)  (Henrilcm?) (Q/cm?) %
0 0 1.07 92.64 7.89 128 5.19 11.80 3.13 -

0.010 0.0305 3.09 110.00 1469 2,517,000 10.71 82.38 6.19 49
0.050 0.1527 1.79 81.84 13.31 1,512,000 14.98 134.80 7.05 56
0.100 0.3054 3.28 117.00 11.58 1,857,000 10.23 61.64 5.43 42
0.300 0.9163 1.41 82.50 18.67 1,255,000 17.08 164.70 8.92 65
0.500 0.5273 1.43 55.52 16.01 1,320,000 15.88 150.90 7.97 61

The effect of L is related to the RL, when the latter increases L also increases. Both inductive
elements represent deposition of surfaces layer. It is clear that there are interactions between Boldine
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and corrosion products. The surface layer influences parameter C, which increased with the addition of
inhibitor that generally shows that the more efficiency the less C value is observed. Therefore, inductive
behaviour can occur due to the stabilization of corrosion products by interactions with inhibitor
molecules as well as by re-dissolutions of the passive film [36].

3.3. PPC curves for Copper

The anodic and cathodic PPCs of Cu in sulfuric acid were shown in Figure 5. The cathodic
polarization curve of Copper into sulfuric acid can be divided into three regions according to the
reduction of oxygen process [37]. At high overpotentials (-500 mV to -400 mV), is observed the limit
current by the oxygen diffusion reaction. Overpotential between -400 mV and -200 mV, the mixed
kinetic-diffusion control occurs, and the hump with the maximum current density appear from -200 mV
to -50 mV. Then, the limit current of Copper at high overpotentials and the mixed kinetic diffusion
control were also observed in the presence of Boldine, attributed to the diluted oxygen influences on the
behaviour of the cathodic branch. However, in the presence of 0.300 g/L and 0.500 g/L, the corrosion
potential shifted -100 mV more than the blank sample, consequently, the cathodic hump disappeared.
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Figure 5. PPC of Copper in the presence of different concentration of Boldine in sulfuric acid at 25°C in open atmosphere.

On the other hand, the anodic curve in the presence of low concentrations of Boldine (0.010,
0.050, 0.100 g/L) remained unchanged. Nevertheless the presence of 0.300 and 0.500 g/L of the alkaloid
reduced the anodic current density, may be due to Boldine like other organic compounds is adsorbed
over the metal surface at potentials close to the Ecorr [38]. It is known that the general mechanism of
Copper dissolution in sulfuric acid is given as follows [39]:

- +
Cu —e™ — Cuyyg

+ - 2+
Cuads —€ - Cusoln

The first step of Copper dissolution is carried out faster than the second step. The last is
considered the rate limiting due to cuprous ions remain on the surface and do not diffuse into the solution,
so that is not present the cathodic Tafel slope showing a vertical line from limiting current density (I.).
The cathodic process is regularly observed for Copper in 0.5 M of H2SO4 [40] and is related to the
oxygen dissolved reduction [41]. Table 3 lists the electrochemical parameters from PPC, current density
(Jeorr) and corrosion potential (Ecorr) Were obtained from extrapolation of the anodic Tafel slope. The CIE
% and CR values were calculated from Jeorr. The anodic Tafel slope for Copper into sulfuric acid (37
mV/dec) is consistent with the diffusion of cupric ions is the dominant process [39, 42]. Also, Cu in the
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presence of low concentrations of Boldine (0.010, 0.050 and 0.100 g/L) generally remains with constant
values considered as diffusion of cupric ions as the dominant process. However, a considerably
increment of the anodic Tafel slopes of Boldine at high concentrations (0.300 and 0.500 g/L) is seen,
this behaviour suggests the diffusion is not dominant due to the alkaloid affects the cathodic reaction
changing the Ecorr to more negative values [44]. The change in the Ecor Value allows an inhibitor to be
classified as cathodic or anodic type [45]. The change in the Ecorr (87 mV) by the presence of Boldine it
is noted at 0.300 g/L, this concentration produces an Ecorr 0of 91 mV, and when the concentrations of
Boldine is 0.500 g/L the Ecorr change increases until 105 mV reaching 87 % of CIE and the CR is reduced
as well. Table 3 clearly shows that increasing the concentration of Boldine, the corrosion current density
(jcorr) decreases, therefore, the higher efficiency was 87% at 0.500 g/L.

Table 3. PPC Electrochemical parameters for Cu in the presence of Boldine in acid solution at 25 °C in open atmosphere.

Boldine ILim Eoorr  Jeorr Ba CIE CR
g/L  X10°M (mA/cm?) (mV) (mA/cm?) (mV/dec) % (mm/yr)

0 0 0.004 4 0.015 37 - 3.50 x 10*
0.010 0.0305 0.005 34 0.008 38 47 1.87 x 10*
0.050 0.1527 0.002 21 0.007 33 53 1.63 x 10*
0.100 0.3054 0.001 30 0.006 31 60 1.40 x 10*
0.300 0.9163 0.005 91 0.003 59 80 7.00 x 10°
0.500 0.5273 0.002 109 0.002 68 87 4.67 x 10°

3.4. EIS measurements for Copper

It is observed a depressed semicircle in the high frequency region with one capacitive time
constant in the Bode-phase diagrams (Figure 6) associated with the double electric layer and charge
transfer resistance, attributed to the Copper dissolution [46].
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Figure 6. Impedance plots for Cu in the presence of Boldine in H>SO40.5 M. at 25 °C in open atmosphere.
a) Nyquist and b) Bode plot.

At low frequencies, the blank sample showed a Warburg response appeared, that indicates the
diffusion controlled process can occur through the dissolved oxygen reduction reaction on Copper
surface. The systems of Cu in the presence of different concentrations of Boldine presented the diffusion
phenomenon at low frequencies as well. The shape in the impedance plots reminds similar throughout
all tested concentrations. However, at 0.300 and 0.500 g/L in the high frequency region is clearly
observed that the impedance takes semicircle shape, due to the capacitive behaviour becomes more
dominant than diffusional component. It can be attributed to the adsorption of Boldine over Cu surface.
Also the more increase the concentration, the more increase diameter of the capacitive semicircle.
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The equivalent circuit fit (Figure 7, representative example) shows impedance elements such as
Rs represents the charge transfer resistance, CPE is the phase constant element associated with double

layer capacitance [47], and W indicates the diffusional impedance.
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Figure 7. Equivalent circuit fitted for Copper in H,SO4 0.5 M in absence and in the presence of Boldine in open
atmosphere: a) Nyquist and b) Bode plots (----) experimental; (=) calculated.

Table 4 lists the electrochemical parameters obtained from the circuit fit data, where is observed
a diffusional component (W) increase according to the impedance is influenced by the non-diffusional
component [48]. Parameters as Rt increases according to CPE value decreases. It can be observed when
the molecules of water are replaced by organic molecules through adsorption over the metal surface,
causing diminishing of the local dielectric constant and increasing the double layer thickness. The
increment of the double layer is related with the surface roughness and heterogeneity that could be
corroborated with the variation observed for the n value [49, 50].

Table 4. EIS Electrochemical parameters for Cu in the presence of Boldine in acid solution at 25 °C in open atmosphere.

Boldine Rs CPE Ret W S
gL X10®M | (Qlcm?) (uFcm?s) (Q/ecm?)  (Q/cm?)

0 0 1.2 81.5 0.83 364 824.5 -
0.010  0.0305 16.7 30.9 0.91 1529 874.0 76
0.050  0.1527 0.8 70.3 0.87 2097 0.40 83
0.100 0.3054 0.5 70.3 0.88 1802 6.10 80
0.300 0.9163 1.3 35.6 0.88 2287 147.4 84
0.500 0.5273 1.0 17.0 0.94 3547 1508 89

3.5. Adsorption isotherms

Taking into account that even the most carefully polished surfaces, are not smooth in microscopic
sense, but are irregular with valleys and peaks altering over the surface. The areas of irregularity are
usually susceptible to residual fields’ forces. At these locations the surface atoms of the metal may attract
other atoms or molecules in the surrounding gas or liquid phase, in this case molecules such as oxygen
or Boldine. Therefore, two types of adsorption can occur: physical adsorption and chemisorption [51].

In this work the calculations for the adsorption isotherms were carried out using the values from
PPC and EIS techniques. After to determine fits using different isotherms we were tried, as they are the
most frequently used: Langmuir, Temkin, Frumkin, and Freundlich [52, 53]. The best correlation

Diaz-Cardenas et al., J. Mater. Environ. Sci., 2019, 10 (10), pp. 1011-1024 1018



coefficients (R?) were obtained with the Langmuir model where C/0 is plotted in function of the
concentration (C) as can be seen in Figure 8 [54, 55].
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Figure 8. Langmuir adsorption isotherms for Copper and carbon steel calculated from PPC and EIS
The free energies of adsorption -AG%gs were calculated by the following equation:
AG%%gs = -RT In(55.5)Kads (3)

where R is the universal constant of gases and T is the absolute temperature and, value 55.5 M is the
molar concentration of water in the solution [56].

The energies of adsorption showed in Table 5 suggest that Boldine is adsorbed over the metal
surface. The physical adsorption is given when the forces attracting the fluid molecules to the solid
surface are relatively weak, due to the fact that the forces involved in this process are weak. According
to this fact, usually values of -AG%gs of the order of 20 KJmol™? or lower, are consistent with a
physisorption. Also, values of the order of 40 KJ mol™* or higher are associated with chemisorption [57].

Table 5. Values of Kags and -AG%qgs for carbon steel and Copper, from fitting EIS and PPC curves data according to
Langmuir isotherm adsorption.

TeSt 2 Kads —AGOads
Metal data R M-L KJ mold
PPC 0.99 359.72 24.55
Copper
EIS 0.99 381.73 24.59
Carbon PPC 0.48 386.30 24,72
steel EIS 0.98 513.97 25.43

The -AG%qs energies showed in Table 5 suggests that Boldine presented a mixed process between
physisorption and chemisorption over the metal surface, either carbon steel or Copper, due to
physisorption is a stage preceding chemisorption. This behaviour is observed in organic molecules which
act forming chelates with the positive ions of metal [58]. The calculation of the adsorption equilibrium
constant Kags allowed to get the standard free energy, for Copper and carbon steel in the presence of
Boldine were in both techniques, around -24 KJ mol*; these results confirmed that Boldine interacts on
the Copper and carbon steel surface by a mixture process between physisorption and chemisorption [59].

3.6. Quantum chemical calculations

To corroborate the effect of Boldine over the metal surface of carbon steel and Copper, it was
considered essential to study the flavonoid by quantum calculations. The optimized molecular structure
is presented in Figure 9, with the highest occupied molecular orbital (HOMO), and the lowest occupied
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molecular orbital (LUMO) of Boldine, where is clearly observed similar molecular orbital distributions
HOMO and LUMO, because they are distributed around the all rings of Boldine. Owing to the frontier
orbitals are the principal factor to obtain a reaction, for a molecule Enomo is frequently associated with
the ability to donate electrons.

Boldine
optimized structure

Figure 9. Frontier molecular orbital density distribution for Boldine obtained using DFT at the B3LYP/6-631(d).

HOMO (-3.90 eV) LUMO (-0.73 eV)

The adsorption of a molecule over the metal surfaces is carried out between the n-electrons from
the heteroatoms of the inhibitor and the vacant d-orbitals of the metal surface [60]. Therefore, a molecule
with higher Enomo and the lowest AE (Enomo-ELumo) is often associated with inhibition efficiency. In
this work, Boldine presented the best efficiencies for Cu (89% at 0.500 g/L) agree on the adsorption and
chemisorption process observed by isotherms calculations. Also, this alkaloid presented ELumo (-0.73
eV) associated with the ability to receive electrons. It suggests that Boldine accepts electrons from the
metal surface through its antibonding orbitals [61]. These could be to the presence of nitrogen (N) and
hydroxyl groups (OH) on the rings.

On the other hand in Table 6, the dipole moment (p) is another important indicator to predict the
interaction of the corrosion inhibition, due to the dipole moment gives the direction of the electronic
distribution around of the molecule [62] and it is related to the total charge distribution and
electronegativity. It is important to highlight that as can be seen in Figure 10, the alkaloid Boldine
presents four heteroatoms of oxygen and one more heteroatom of nitrogen distributed around the rings
with a dipole moment value p = 4.79 Debye. It suggests that the distribution of the electronegative atoms
into the rings corresponds to the active sites which are highly active receptor bindings because the larger
the dipole moment the stronger will be the intramolecular attraction [63].

:.;i‘ 3

Figure 10. Dipole moment direction for Boldine molecule.

Others helpful properties that they can be obtained by quantum calculations are absolute hardness
(n) and softness (o). These parameters are related with the AN, where the relationship denotes that hard
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molecules presented large AE and, soft molecules have small AE [64], and as AE decreases the reactivity
of molecule increases allowing corrosion inhibition [65]. According to the above, Boldine presented AE
= - 3.17eV and the largest n = 1.5 eV. These parameters suggest that Boldine is a soft molecule with
high reactivity and it could offer electrons to carbon steel an acceptor system, may be by adsorption
process.

Table 6. Molecular properties of the alkaloid Boldine obtained from DFT calculations at the B3LYP/6-631(d).

Parameter Boldine
Total E (eV) 28620.95
Enomo (eV) -3.90
ELumo (eV) -0.73
AE (eV) -3.17
Dipolar moment p (Debye) 4.79
Hardness n (eV) 1.50
Softness o (V) 0.67
Electronegativity y (eV) 231

The number of transferred electrons AN is related with the reactivity for explaining the
chemisorption bonding trends, and it can be calculated by the following equation.

AMe — Xinh
an 2(Minn )

Where ywme is the absolute electronegativity of metal (either Fe or Cu) and yinn represents the
absolute electronegativity of alkaloid Boldine. Also ninn is the absolute hardness of Boldine.

Taking into account the theoretical values for the metals studied in this work, the absolute
electronegativity values considered for each metal are for Fe yre = 4.28 eV and for Cu is ycu = 3.46 eV
as suggested in the literature [66]. The value obtained of transferred electrons for Fe in the presence of
Boldine was AN = 0.65 eV and Cu in the presence of Boldine presented AN =0.79 eV, as is clearly seen,
both AN for Fe and Cu were positive values, it is known that AN > 0 means that a molecule transfer
electrons. However, if AN < 0 the molecules cannot transfer electrons [67]. Boldine presents ability to
transfer electrons, consequently these results are according to the highest AN value which was obtained
for Copper in presence of Boldine, also the best inhibitions efficiencies were obtained for Copper. The
latter suggests the mechanism of inhibition is partially influenced by chemisorption as can be
corroborated with the isotherm model.

It is possible to conclude that the green corrosion inhibition efficiency of Boldine was better on
copper surface than carbon steel surface, due to two important issues: 1) the interaction between Copper
and Boldine (AN = 0.79 eV) was better than carbon steel and Boldine (AN = 0.65 eV), these are
evidenced by the value of number of transferred electrons (AN) thus allowing Boldine to have a higher
affinity on the Copper surface; 2) because chemisorption is as slow process as the second step of copper
dissolution reaction in acidic medium, so that Boldine can be adsorbed at the active sites of Cu'* and
Cu?*ions on the surface.

Conclusion

The results obtained in this study of Boldine as green corrosion inhibitor for carbon steel and Cu
in 0.5 M of H2SO4 in open atmosphere conditions showed that, Boldine presented more efficiency for
Cu compared with carbon steel system.

According to PPC and EIS tests in open atmosphere conditions for Copper, Boldine acted as
cathodic inhibitor type, being adsorbed by a mixture of physisorption and chemisorption on metal
surface as suggested by the correlation of Langmuir isotherm. 0.500 g/L Boldine gives the bether CIE
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for Cu (89 % by EIS and 87 % by PPC) than carbon steel (61 % by EIS and 63 % by PPC). Boldine
changed from diffusional dominant process to capacitive allowing an increment for the charge transfer
resistance, these were observed and corroborated by EIS technique.

The parameters calculated through DFT showed that the distribution of HOMO and LUMO
energies of Boldine were uniform distributed through hydroxyl groups (OH) and nitrogen (N) atom
present into the rings corroborating that the inhibition mechanism can occur though physisorption and
partially chemisorption.
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