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ABSTRACT
This study shows the inhibitory activity of the hexane, acetone and methanol extracts of
Brugmansia arborea (B. arborea) during the corrosion of 1018 steel in 0.5 M of H2SO4. This was
carried out by electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization
curves (PDP) techniques. The maximum efficiency for the three extracts was registered with 400
and 500 ppm concentrations, obtaining 98% by EIS and 80% by PDP. Through PDP, an
inhibition behavior of the cathodic type was determined. During the residence time test,
B. arborea reached a maximum inhibition efficiency of 98% at 24 h with acetone extract and at
20 h with methanol extract. The compound’s chemical structure present in B. arborea was
analyzed by the Fourier Transform infrared spectroscopy technique, and the presence of
functional groups such as the amines was observed. The reason why an inhibitory activity is
attributed to these compounds is because they contain nitrogen that may easily form
complexes that are strongly adsorbed creating a thin layer on the metallic surface.

ARTICLE HISTORY
Received 5 March 2020
Accepted 3 December 2020

KEYWORDS
Brugmansia arborea; green
inhibitor; corrosion;
electrochemical impedance
spectroscopy

1. Introduction

Economically, the expenses due to corrosion are esti-
mated at around 5-7% of the annual gross domestic
product of a country (1). As time has passed, there have
been improved techniques and methods for corrosion
protection. However, the losses are not decreasing due
to the constantly increasing pollution in the atmosphere
and the technological processes that impose sterner

operation conditions (2). Industry uses acid solutions for
different processes, such as the chemical scaling.
However, they are aggressive to metals; therefore, the
use of organic inhibitors is predominant and necessary.
Due to the good efficiency in corrosion protection,
those inhibitors that contain in their chemical structures
nitrogen as a heteroatom, such as amines, imidazolines,
pyrimidines, etc. (3, 4) were preferred.
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As well inhibitors that include more than nitrogen
atoms in their chemical structure (5, 6), including
oxygen (7) or sulfur (8) which already exist for steel pro-
tection of acid media.

It is common to be mentioned in several studies that
organic inhibitors produce adequate inhibition efficien-
cies for corrosion, containing heteroatoms in their struc-
ture and it is through the pairs of free electrons, that
these inhibitors can be adsorbed on the metallic surface
and form chelate type complexes, giving, as a result,
the formation of a thin layer on the metallic surface
that contribute preventing the corrosion and the metal
dissolution (9). Unfortunately, some of these efficient cor-
rosion inhibitors turned out to be toxic, affecting human
health and generating negative environmental impact,
thus the environmental laws each day are stricter in the
matter. This situation has motivated to search and
analyze natural sources that are able to provide efficient
chemical compounds as inhibitors, that at the same
time, are less toxic or even better eco-friendly.

In thenaturalfield, vegetal species havebeenexplored,
such as leaves (10), cortex (11), fruit (12), shell (13), etc., as
green corrosion inhibitors for carbon steel in acid media
through electrochemical techniques. Al-Fakih reported
the inhibitory activity of the corrosion by using turmeric
and ginger, for mild steel in acid media (14). They deter-
mined maximum inhibition efficiencies of 92% and 91%
respectively. Also, it has been reported the use of Allium
sativum obtaining corrosion inhibition efficiencies of
96% for 1018 steel (15). By the use of Rhus verniciflua, Pra-
bakaran reported an efficiency of 93% (16). Haldhar using
Valeriana wallichii proved an efficiency of 93% (17).
Another research about Rubber leaves showed the cor-
rosion inhibition of mild steel in acid media obtaining
an efficiency of 86% (18), among others.

With these data, it can be observed that different
species are studied; however, it is necessary to continue
improving the knowledge generation about the natural
inhibitors field. Thus, the present research is oriented to
the study of corrosion inhibition of 1018 steel in sulfuric
acid with Brugmansia arborea.

Brugmansia arborea is commonly known in Mexico as
Floripondio, it is a native plant of South America and it
belongs to the Solanaceae family (19). This family is

known for producing alkaloids, tropane particularly,
which is widely used in traditional medicine due to its
anticholinergic properties (20). Figure 1 shows some of
the chemical compounds that have been reported for
B. arborea, which are: hyoscyamine (I), anisodamine (II)
and scopolamine (III); this last compound is considered
of great commercial value due to its pharmacological
activity and minor side effects (21). Some heteroatoms
such as N and O, as well as the presence of π-electrons
in carbon–carbon double bonds in the chemical com-
pounds of B. arborea, make it a potential corrosion
inhibitor. Therefore, in the present work, extract of
B. arborea with acetone, hexane and methanol was
tested as corrosion inhibitor of 1018 steel in acid media.

Carbon steel AISI 1018 is widely used as a construc-
tion material in many industries due to its excellent
mechanical properties and low cost (22), thus, the evalu-
ation of this steel can contribute important and useful
information to the corrosion control field in industries.

2. Methodology

Electrochemical tests were carried out with AISI 1018
steel cylindrical probes of 3 cm high×0.635 cm diameter,
with a weight percentage composition of: 0.14-0.2%
carbon, 0.6-0.9% manganese, a maximum of 0.04%
phosphor, a maximum of 0.05% sulfur and the remain-
ing 98.81-99.26 iron. Samples were encapsulated in com-
mercial epoxy resin, which is used for corrosion
protection in almost all of the surface, leaving a
defined contact area of 0.316 cm2. Each of the samples
was sanded with carbide silicon paper from 100 to
1000 grade, to obtain a homogenous surface.

2.1. Green inhibitor

Brugmansia arborea (B. arborea) leaves were collected in
Chamilpa village, which is in Morelos, Mexico. They were
submitted to a drying process at a constant temperature
of 30 °C, with light absence. The leaves were triturated,
weighted (1.35 kg) and collocated in a 4-liter flask to
proceed to macerate them with different solvents:
hexane, acetone and methanol during 72 h each one.
After this time, the solution was filtered and

Figure 1. Chemical compounds present in Brugmansia arborea.
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concentrated using a rotary evaporator BUCHI branch to
eliminate the solvent. Finally, the quantities of extracts
obtained were 1.77 g of hexane, 5.77 g of acetone and
9.72 g of methanol. They were evaluated as inhibitors
in the concentration range between 200–500 ppm.

2.2. Aggressive solution

A solution with sulfuric acid at 98% analytical grade and
deionized water to obtain a concentration of 0.5 M
H2SO4 was used as an aggressive medium to assess
the effects with different concentrations of B. arborea
as corrosion inhibitor of 1018 steel.

2.3. Electrochemical evaluation

The electrochemical techniques used for the evaluation
of the different B. arborea extracts as corrosion inhibitor
were electrochemical impedance spectroscopy (EIS) and
polarization potentiodynamic curves (PDP). During the
measurements, a conventional three-electrode cell was
used, with 1018 carbon steel as a working electrode,
Ag/AgCl as a reference electrode and a graphite
counter electrode. Every test was performed three
times, after 10 min of 1018 steel electrode immersion,
when it reached a stable open circuit potential value.
PDP measurements were carried out with a speed rate
of 1 mV/s in an interval of ±250 mV from the corrosion
potential. The corrosion current density values Icorr,
were obtained using Tafel extrapolation. The inhibition
efficiency (η) was calculated according to Equation (1):

h(%) = icorr1 − icorr2
icorr1

[ ]
∗100 (1)

where icorr1 and icorr2 are the current density without and
with inhibitor respectively.

EIS tests were carried out with signal amplitude of 10
mV and a frequency interval between 0.01–10,000 Hz in
an ACM instruments GillAC potentiostat.

2.4. Infrared spectroscopy using Fourier
transforms. (FTIR)

Additionally, FTIR analysis was performed to determine
the functional groups of the present compounds for
B. arborea. The tests were carried out with Alpha spec-
trometer and Opus software.

2.5. Toxicity bioassay using Lactuca sativa (L.
sativa) seeds

The phytotoxic effect of B. arborea extracts was observed
through an acute toxicity bioassay by germinating

L. sativa seeds and seedlings growth. Following the
method stablished by Sobrero and Ronco (23), pesti-
cide-free L. sativa seeds from “Rancho los Molinos” in
Morelos, Mexico, were used. Ten seeds were deposited
inside a Petri cage on a filter paper previously saturated
with the different concentrations of extract (200–500
ppm). A positive control of 0.2 M ZnSO4 and a negative
control of mineral water were used. Petri cages were
placed inside of hermetic bags to preserve a humid
environment and they were conserved for 120 h in light
absence and at constant temperature of (24 ± 2 °C). At
the end of this time, the germinated seed was dried
and lengths of its radicle and hypocotyl reached with
each concentration registered. Every test was done
three times to ensure the reproducibility of the results.

3. Results and discussion

3.1. Potentiodynamic polarization curves

Figure 2 shows the potentiodynamic polarization curves
for 1018 steel in acid medium with and without
B. arborea different concentrations of hexane, acetone
and methanol extracts. In the potential range used, for
the three extracts, no formation of passive films was
observed. This can happen because during the corrosion
process, as B. arborea inhibitor is present, the formation
and the redissolution of corrosion products and/or
inhibitor molecules occurs and maintain the surface
active (24, 25). At the moment the inhibitor was added,
the corrosion potential was displaced to more negative
values. This variation indicates that B. arborea extracts
may act as a cathodic inhibitor in the hydrogen evol-
ution (26). While inhibitor concentration increases, the
anodic and cathodic branches are displaced to lower
current density values, showing that inhibitor molecules
could be adsorbed on the metal surface (27, 28).

In Table 1, the calculated values through Tafel extra-
polation are shown: current density (Icorr), corrosion
potential (Ecorr), anodic slope (βa), cathodic slope (βc)
and corrosion rate (Vcorr). It can be observed that, by
adding inhibitor concentration, current density and cor-
rosion rate decrease as the efficiency increases, obtain-
ing a maximum efficiency of 90% for hexane extract,
80% for acetone and 83% for methanol extracts.

3.2. Electrochemical impedance spectroscopy

Figure 3 shows Nyquist diagrams obtained through EIS
technique for corrosion inhibition of 1018 steel in acid
media using different extracts of B. arborea, at 25 ± 2 °C.
In the three cases, the behavior observed is different from
perfect semicircles, which is attributed to a deviation of
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the 1018 steel electrode surface respect to the ideal capaci-
tive behavior, because of the non-homogeneous surface
that allows thedistributionof active sites and/or theadsorp-
tion of the inhibitor molecules (29, 30). Also, two capacitive
semicircles areobserved: thefirst, is formedathigh frequen-
cies and can be attributed to the charge transfer resistance,
whichcorresponds to the resistancebetween the1018elec-
trode surface and the Helmholtz external plane; the second
capacitive semicircle formedat low frequencies is attributed
to the resistance of a layer formed by the inhibitor; which is

generated due to molecules adsorption onto the metal
surface. This event has been compatible with many
studies in literature (31–33). As a result of the inhibitor
adsorption, the semicircle diameter increased as the inhibi-
tor concentration increased in the medium.

In Figure 4, the obtained equivalent circuit is shown;
where Rs is the solution resistance, Rct is the charge trans-
fer resistance,CPE is the constant phase element tomodel
the condenser non-ideality and Rf corresponds to the
resistance given by the inhibitor layer and/or by the cor-
rosion products (34). This type of circuit suppose that the
inhibitor forms a faulty layer onto the metal, acting as an
effective obstacle before the aggressivemedia of the acid
solution, that iswhy the corrosionprocess is controlledby
a mechanism that occurs in the non-protected metal,
with a much reduced active surface, this type of circuit
has been used in many studies to analyze EIS obtained
data by other inhibitors in which a second capacitive
semicircle is formed (35–40).

Impedance associated values ZCPE can be calculated
from Equation (2):

ZCPE = 1
Q(jv)n

(2)

where Q is the pseudo capacitance, j the current density,
ω is the angular frequency and n is a heterogeneity indi-
cator or surface roughness. Depending on n value, ZCPE
can be represented as (ZCPE = R, n = 0), capacitance
(ZCPE = C, n = 1), Warburg Impedance (ZCPE =W, n = 0.5)
or inductance (ZCPE = L, n =−1), (41).

The double layer capacitance value (CPEdl) can be cal-
culated according Equation (3) (42):

CPEdl = (QR1−n
p )

1
n (3)

Extracts efficiency inhibition (η) as corrosion inhibitor for

Figure 2. Concentration effect of B. arborea extracts: (a) hexane,
(b) acetone and (c) methanol by doing polarization curves for
1018 steel in 0.5 M H2SO4.

Table 1. Electrochemical polarization parameters for AISI 1018
carbon steel in 0.5 M of H2SO4 as a function of B. arborea
concentration at 25°C.

Extract
Cinh
[ppm]

βa
[mV/
dec]

βc
[mV/
dec]

Restpot
Ecorr [mV]

Icorr
[mA/
cm2]

Vcorr
[mm/
year]

%
η

Hexane 0 62 111 −454 2.2 26.21 –
200 53 138 −471 0.7 8.13 68
300 65 131 −493 0.36 4.11 84
400 42 119 −481 0.42 4.89 80
500 33 136 −462 0.2 2.37 90

Acetone 200 54 164 −458 0.49 5.62 78
300 53 118 −470 0.58 6.7 74
400 41 138 −482 0.44 5.21 80
500 48 138 −487 0.44 5.1 80

Methanol 200 51 140 −462 0.8 9.3 64
300 39 123 −791 0.70 8.2 68
400 67 159 −489 0.38 4.5 83
500 43 139 −470 0.48 5.7 78
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1018 steel was calculated through Equation (4):

h% = 100
Rct1 − Rct2

Rct2
(4)

where Rct1 and Rct2 are the charge transfer with and
without inhibitor, respectively.

In Table 2 it can be observed the obtained data from
the electric circuit simulation with the different

B. arborea extract concentrations as corrosion inhibitor
for 1018 steel in acid media. The surface coverture
grade was calculated using Equation (5):

u = h

100
(5)

It can be appreciated that by increasing the inhibitor
concentration, the double layer capacitance values
(Cdl) decrease due to an increase in the electric double
layer thickness; which suggest that the present mol-
ecules in the different inhibitors are adsorbed onto the
surface, displacing the present molecules in the aggres-
sive medium (43,44).

It was observed in PDP and by EIS that by increasing the
inhibition concentration, the resistance increases, at the
same time as the efficiency. The efficiencies registered by
PDP are slightly lower than EIS’s, this is due to during PDP
it was applied a potential of ±250mV displacing the equili-
brium of the reaction. However, in both of the electroche-
mical techniques, the maximum efficiency for the three
extractswereobtainedat 400and500ppmconcentrations.

Acetone and methanol extracts were considered for
residence time evaluation; the hexane extract was
ignored due to its insolubility in aqueous-media.

Figure 5 shows Nyquist diagrams according to the
residence time for acetone and methanol extracts,
both at a 500 ppm concentration. It can be observed
an inductive ripple at low frequencies, it is associated
to adsorption and desorption processes of species
present in the medium (45); also, it is observed how
the semicircle diameter of the Nyquist diagrams
increases, reaching the maximum at 24 h for acetone
and at 20 h for methanol extract. This is attributed to a
process in which inhibitor molecules are being adsorbed
onto the metal surface by forming chemical interactions
of chelate type. After this time, the semicircle diameter
begins to decrease and at 30 h reaches the same resist-
ance than at 0 h, this could be possible due to the exist-
ence of a desorption process of the chelate complexes
formed with the inhibitor that occurs at higher velocities
than the protection rate (46).

Other researches have obtained good efficiencies
with vegetal species (47–50); however, its efficiency
decreases rapidly with the time-pass; some other even
not consider relevant the residence study. By comparing
B. arborea with other vegetal extracts, it can be distin-
guished as can reach a maximum efficiency at 24 h
and it maintains over the 80% until 30 h.

3.3. Adsorption isotherms

In order to know the corrosion mechanics, it was necess-
ary to evaluate the adsorption isotherms, as they can

Figure 3. B. arborea extracts concentration effect: (a) hexane, (b)
acetone and (c) methanol by EIS for 1018 carbon steel in 0.5 M
H2SO4.
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provide information related to adsorption process
characteristics. So, there were evaluated three different
adsorption models: Temkin, Langmuir and Frumkin,
obtaining the better fit with the last one. In Figure 6,
Frumkin isotherms for B. arborea acetone and methanol
extracts are shown, which were calculated following
Equation (6):

log
uCinh
1− u

= log K + gu (6)

where Cinh is the inhibitor concentration, K is the equili-
brium constant of adsorption and desorption and g cor-
responds to the adsorbed interaction parameter. The
surface coverture grade, θ, was calculated with inhi-
bition efficiency obtained values, η, and following
Equation (7):

u = h

100
(7)

Table 3 shows the calculated values through experimen-
tal data of B. arborea as corrosion inhibitor for 1018 in
acid media. The slope obtained from the straight line
equation corresponds to the Frumkin model experimen-
tal data fitting and with the use of the fitting linear

correlation coefficient R2; the adsorption constant Kads
was calculated through the slope inverse and the stan-
dard Gibbs free energy DG0

ads was obtained with
Equation (8):

DG0
ads = −RT ln(Kads) (8)

From Gibbs free energy DG0
ads the interaction and the

adsorption type of the molecules onto the metal
surface can be characterized. Generally, DG0

ads values
up to −20 kJ mol−1 are typically correlated to a physi-
sorption and indicates that interactions are electrostatic
between organic molecules and charged surface metal;
meanwhile values around or higher than −40 kJ mol−1

are associated with chemisorption, as a result of electron
transfer form organic molecules to the metal surface
forming coordinate-type bonds (51, 52).

DG0
ads calculated values for B. arborea acetone and

methanol extracts were −8.01 and −6.1 kJ mol−1,
respectively; thus they show a physisorption process;
where compounds that contain nitrogen atoms are
easily adsorbed onto the surface, due to a pair of free
electrons, blocking or decreasing the interaction
between the acid media and the steel, as a result, the
corrosion speed rate decreases (53).

Table 2. Effect of B. arborea concentration on the electrochemical parameters obtained from EIS measurements.
B. arborea extract Cinh [ppm] Rs Ω cm2 Rct Ω cm2 Rf Ω cm2 CPEdl µF cm

−2 CPEf µF cm
−2 u η%

Hexane 0 6 45 - 53 - - –
200 4.4 160 80 26.3 224 0.72 72
300 44 301 84 17.8 107 0.85 85
400 4 1256 970 18.2 278 0.96 96
500 11 2580 772 8.12 240 0.98 98

Acetone 200 10 662 254 16.2 450 0.93 93
300 11 1200 312 12.7 365 0.96 96
400 13 1273 867 8.85 510 0.96 96
500 12 1779 594 9.88 217 0.98 97

Methanol 200 8 247 92 156 4151 0.82 82
300 18 369 44 47.9 1399 0.88 88
400 9 450 43 62.8 470 0.90 90
500 3 752 349 36.1 535 0.94 94

Figure 4. Equivalent circuit used for data fitting obtained by EIS from Brugmansia arborea as green corrosion inhibitor for AISI 1018
carbon steel in acid media.
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3.4. Toxicity bioassay using Lactuca sativa as
sensitive organism

Plant bioassays are being more used as they constitute
an excellent tool in the environmental evaluation (54).
Here, different inhibitor concentrations were used in
the germination and growth of L. sativa seedlings
during its first day of growth. The relative germination
percentage (RG) and the root relative growth (CR) were
calculated according to Equations (9) and (10):

RG = n1
n2

∗100 (9)

CR = e1
e2

∗100 (10)

where n1 and n2 are the numbers of germinated seeds in
the sample and negative control, e1 and e2 are the
radicle elongation in the sample and in the blank,
respectively.

Figure 7 shows the obtained results for phytotoxicity
evaluation for B. arborea extracts, where IG was deter-
mined following Equation (11):

IG% = RG∗CR
100

(11)

There are three classifications to describe the germina-
tion index (IG) of L. sativa seeds under organic substance
influence, severe when IG≤ 50% indicating the presence
of strong phytotoxic substances, moderate if 50%≥ IG≤
80% and minimum when IG≥ 80% which is related to
the presence of almost null phytotoxic substances.

For B. arborea hexane extract IG was under 50%,
being thus classified as a severe toxic substance; due
to this reason and considering its low solubility in the
medium, this extract was taken away as an ecological
possible inhibitor; also, because the IG decreases by

Figure 5. EIS residence time of B. arborea extracts at 500 ppm
on AISI 1018 carbon steel in 0.5 M H2SO4 at 25 °C. (a) Acetonic
and (b) methanolic.

Figure 6. Frumkin adsorption isotherms from AISI 1018 carbon
steel in 0.5M of H2SO4 using B. arborea as green inhibitor

Table 3. Data of the standard Gibbs free energy of adsorption
for B. arborea extract on AISI 1018 carbon steel in acid medium.

B. arborea extract Slope R2 Kads
−DG0ads

[kJ mol−1]

Acetone 25.36 0.97 0.0394 −8.01
Methanol 12.07 0.99 0.0828 −6.1

Figure 7. Phyto-toxicity evaluation for B. arborea extracts
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increasing the presence in the aggressive medium. The
best efficiency as corrosion inhibitor, evaluated using
PDP and EIS, was from 400 ppm of acetone extract,
where the IG values were around 50% and 80%, classify-
ing B. arborea acetone extract as a substance moderately
toxic. On the other hand, the IG% values for methanol
extract were above 80%, classifying it as a slightly toxic
substance.

Most of the studies that talk about green corrosion
inhibitors don’t show their respective toxicity studies.
It is important to determine this as the main theme is
green-inhibitor; by using vegetal specie, it not assures
that there will be no consequences to the environment
or being toxic. Thus, it was demonstrated that by study-
ing the three different extract of B. arborea, methanol
extract is the greenest to use.

3.5. Infrared spectroscopy by Fourier Transform
(FTIR)

Figure 8 shows the spectra obtained by FTIR for the
different extracts of B. arborea, where vibrational
bands assigned to nitrogenous compounds can be
observed.

The three extracts showed spectral vibrations in the
infrared region, which is characteristic of alkaloid com-
pounds, because in most of them stretching vibrational
frequencies can be distinguished for bonds that have

nitrogen atoms, such as C–N, N–C, N–CH3, N–H, C = N
(55–57). The other signals enable to distinguish double
bonds between carbon that are characteristic of aro-
matic systems and double bonds carbon–oxygen of car-
bonyl systems. In the same way, it is possible to
distinguish spectral vibrations in methanol extract with
characteristics of tropane alkaloids, such as scopolamine
(58). The vibrations that distinguish tropane compounds
are: N-CH3 (950 cm−1), C–N (1175 cm−1), an intense
signal at 1708 cm−1, which corresponds to a double
bond C = N and the stretching signal at 3575 cm−1

(stretching N–H) that is complemented with a vibration
at 700 cm−1

3.6. Metallic surface analysis by scanning
electron microscope (SEM)

Figure 9 shows the micrographs obtained by SEM,
where the metal surface without inhibitor is more
deteriorated and with corrosion products. These pro-
ducts did not form a compact layer and the mass
loss is visible.

In the case where B. arborea acetone extract was
used, a compact layer generated by corrosion products
and a less deteriorated surface is observed compared
to the samples where no inhibitor was used.

In the metal surface where methanol extract was
used, a less deteriorated surface compared with the

Figure 8. Infrared spectroscopy spectrums of B. arborea extracts
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blank was observed. However, it has a porous and crack-
ing surface, compared with the surface treated with
acetone extract.

4. Conclusions

B. arborea extracts had good inhibition efficiencies
(above 80% and 90%) obtained with PDP and EIS tech-
niques for 400 and 500 ppm concentrations respectively.
According to Tafel slopes, extracts may be classified as

cathodic type inhibitors. Toxicity tests showed that
hexane extract is a highly toxic substance; therefore, it
was taken away as a possible corrosion inhibitor. Inhi-
bition efficiency increases until 24 h for acetone
extract and 20 h for methanol extract, reaching a
maximum of 98%. The inhibition efficiency is attributed
to the nitrogen compounds present in B. arborea, which
might be forming complexes that are adsorbed onto the
metallic surface, blocking the way of the aggressive
species in the medium.

Figure 9. SEM micrographs from AISI 1018 carbon steel in 0.5 M H2SO4 at 25°C, without and with 500 ppm B. arborea.
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This article presents relevant results around this
inhibitor; however, we continue developing it by identi-
fying which are the inhibition responsible compounds
and trying its efficiencies individually, as well as doing
the studies in dynamic conditions in order to get close
to an application.
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