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Abstract: The aqueous extract of Joazeiro stem bark (EJSB) and its high molecular weight fraction
(HMWF) were examined as potential corrosion inhibitors of mild steel in 1 mol L−1 hydrochloric acid
media, using weight-loss measurements, potentiodynamic polarization curves and an electrochemical
impedance spectroscopy (EIS).Varying the concentration of the inhibitors from 100 to 800 mg L−1,
the results show an increase in anticorrosive efficiency from 85.4 to 89.8 and 89.8 to 93.0% for EJSB
and its HMWF, respectively, using the data of the gravimetric essay, and from 84.5 to 94.5 and 89.9 to
94.7% for EJSB and its HMWF, respectively, from the impedance data. The composition of the crude
extract was chemically characterized by liquid chromatography-high resolution mass spectrometry.
Additionally, scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) were
used, respectively, to morphologically and chemically characterize the surface. Considering that the
saponin molecules, the main constituent from juá, are responsible for its inhibitory action, quantum
chemical calculations showed that the C67, C69 and O144 atoms likely have an important role in
the process of electron-donation of saponin to metal, due to the higher values of ƒk

+ and %HOMO
observed on these atoms.

Keywords: Ziziphus joazeiro stem bark extract; corrosion inhibitor; mild steel; LC-MS; electrochemical
measurements

1. Introduction

Corrosion is a spontaneous process, resulting in the destruction of generally metallic
materials, by chemical or electrochemical reactions with substances present in the medium.
Corrosion is a very widespread, routine occurrence in that it mainly affects iron and
its alloys, changing their characteristics, and making them unsuitable for their use and
purpose [1,2]. Amongst the several methods of corrosion control and prevention in the
metals, the use of corrosion inhibitors is one of the most effective, particularly in acidic
environments, where it is necessary to avoid the metallic dissolution and its consumption
by the acid [3]. Most organic inhibitors possess at least one functional group with an atom
of oxygen, nitrogen, sulfur, or in some cases selenium and phosphorus and/or aromatic
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ring sand π electrons, through which can be adsorbed on the metallic surface. Usually, the
inhibitory action of these compounds improves in the following order: O < N < S < P [4].

Although many synthetical compounds have shown a good anticorrosion effect, most
of them are highly toxic, compromising health and the environment. The recognition of
such toxic effects and increasing environmental concerns have led to research studies on
inhibitors obtained from several parts of plants, including stalks, seeds, fruits, stem barks,
and bagasse, which tend to be economical and non-toxic [5]. Vegetables, biomass waste
and plant extracts have been understood to be renewable, environment-friendly, easily
accessible and low-cost sources. In recent works, the use of biomass waste such as coconut
shells, walnut shells, and corn silk has also been investigated as potential precursors for
the preparation of low-cost carbon-based anodes [6–8].

These are made up of several compounds with several kinds of active ingredients, such
as secondary metabolites, that represent many of the biological activities and adaptative
processes of the plants [9,10]. While green inhibitors with different chemical structures
have been contemplated as corrosion inhibitors, Ziziphus joazeiro extracts have not yet been
reported in the literature for this particular use.

Ziziphus joazeiro is a tree native to the Brazilian semiarid region, in the caatinga biome,
where it is popularly called “juazeiro”. It has economic potential for the hinterlands
of Northeastern Brazil, to be used for ornamentation purposes, as an energy source, as
a popular medicine, for production of cosmetic products and human and animal food,
particularlyduring droughts [11].

Regarding the chemical composition of the Ziziphus joazeiro aqueous stem bark, steroids
and saponins were reported as the major constituents, together with flavonoids [10–12].
Saponins are a class of compounds that are structurally characterized by the presence of a
steroid-like glycoside. These saponins are produced by the plant’s secondary metabolism
and have been reported as corrosion inhibitors. They have a good corrosion-inhibition
effect for mild steel in an acidic medium (HCl or H2SO4) [13–16]. The literature revealed
the inhibitory effect of saponins extracted from Gongronema latifolium (SEGL) on mild steel
in acid media. The inhibition efficiency was shown to be dependent on the concentration
of SEGL, temperature, and the period of immersion. The optimum value of the inhibition
efficiency for SEGL (96.5%) was obtained at an extract concentration of 0.5 g L−1 [13].

In the present work, we describe for the first time the corrosion-inhibitory properties
of the aqueous extract of Ziziphus joazeiro stem bark, assessed by weight loss measurements,
electrochemical impedance spectroscopy and potentiodynamic polarization curves; the
morphological and chemical analysis of the mild steel surface was performed by scanning
electronic microscopy and X-ray photoelectron spectroscopy. Besides, the extracts were
characterized by Energy-Dispersive Spectroscopy (EDS) and Liquid Chromatography-High
Resolution Mass Spectrometry (LC-HRMS) analyses. Finally, theoretical calculations were
carried out to interpret the inhibitory action of these compounds.

2. Materials and Methods
2.1. Materials

The Ziziphus joazeiro Mart. (Rhamnaceae) stem barks were obtained in a local market,
compressed in size through the use of Willye knife-mills (Tecnal® TE-648, Tecnal, Piracicaba,
SP, Brazil), and sifted (with Mesh Tyler32) to make the granulometry homogenous. The
milled and sifted stem barks of Z. joazeiro (50 g) were extracted with distilled water for
24 h, under constant agitation at room temperature. The extract was filtered, frozen and
lyophilized (Liotop L101, Liobras, São Carlos, SP, Brazil) to complete dryness. The extract
of Joazeiro Stem Barks (EJSB) solid residue was stored at −4 ◦C until it was used.

The high molecular weight fraction (HMWF) was isolated from the EJSB by diafil-
tration. Briefly, the EJSB was submitted to an ultrafiltration 3 kDa cut-off membrane
(Millipore) and centrifuged at 3800 rpm for 40 min. The fraction retained by this membrane
(HMWF) was then washed with double distilled water and centrifuged. This fraction was
frozen and lyophilized to yield the sample HMWF.
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For the preparation of 1 mol L−1 HCl solution, HCl (37%) (Merck KGaA, Darmstadt,
Germany) was diluted in distilled water. The specimens were prepared with mild steel,
according to the chemical composition shown in Table 1:

Table 1. Chemical Composition of mild steel (%m/m).

C P S Mn Si Fe

1020 0.18 0.04 0.05 0.30 Trace Balance

2.2. Chemical Characterization

The chemical characterization of EJSB was carried out by Liquid Chromatography-
Mass Spectrometry (LC-MS) and Energy-Dispersive Spectroscopy (EDS).

2.2.1. LC-MS Analysis of the Aqueous Extracts of Joazeiro Stem Barks

The EJSB samples (n = 3) were dissolved in acetonitrile:water (1:1 v/v) and diluted to
1.0 mg mL−1 in acetonitrile:water (3:7 v/v) before analysis.

The LC-MS analysis was performed in a hybrid quadrupole-orbitrap high-resolution
mass spectrometer (QExactive Plus, Thermo Scientific, Frenton, CA, USA). The source
parameters were spray voltage 3.9 kV (ESI+) and 3.6 kV (ESI−), capillary temperature
300 ◦C, source temperature 380 ◦C, S-lens RF level 50, sheath and auxiliary gases 45 and
15 arbitrary units, respectively. Data were obtained in full-scan mode over the m/z range
of 120–1000, using a resolution of 35,000 followed by data-dependent MSMS experiment at
a resolution of 17,500 and stepped normalized collision energy of 15–45%.

Sample components were separated in a reversed-phase C18 column (Thermo Hypersil
Gold 150 mm × 2.1 mm; 3.0 µm particle size) using an UltiMate 3000 UHPLC system
(Thermo Dionex, Thermo Scientific, Frenton, CA, USA). Mobile phase A was 0.1% formic
acid and 5 mmol L−1 ammonium formate in water and mobile phase B was 0.1% formic
acid in acetonitrile. The chromatographic separation was performed in gradient elution
mode at a flow rate of 0.35 mL min−1 as follows: 0–1 min 5% B, 1–16 min 95% B, 16–18 min
95% B, 18–22 min 5% B. The injection volume was 8 µL and the column temperature was
40 ◦C.

The raw data files from the EJSB samples and the sample solvent blank injection
were converted to them zXML format into pairs for negative and positive ionization
modes. Those files were then imported into MZMine2 for data processing to generate
an aligned feature list across their MS/MS and chromatographic separation for each
polarity [17]. The parameters used for data processing in MZMine2 are given in the
Supplementary Information (SI) material. From the MZMine2, the exported .mgf aligned
feature list for each polarity were submitted to the GNPS web server for feature-based
molecular network (FBMN) analysis; then, their results were submitted to the GNPS
Merge Network Polarity workflow for merging the different polarities as described at
https://github.com/mwang87/MergePolarity (accessed on 1 June 2021) [18].

The FBMN for both positive and negative ionization modes is accessible at the GNPS
website with the following links: (positive) https://gnps.ucsd.edu/ProteoSAFe/status.jsp?
task=3d44b80ca93b4d51ae154ef981be2626 (accessed on 28 May 2021); (negative) https://
gnps.ucsd.edu/ProteoSAFe/status.jsp?task=1e0529e7944041e7b2c5d20f28c8c1cb (accessed
on 28 May 2021); https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=7205af7e7cf3412bb0
230070d876fef9 (accessed on 28 May 2021) (merge polarity). GNPS parameters are given
as SI. The resulting network was plotted using the Cytoscape software [16]. Concomi-
tantly, those same .mzXML files were submitted to LipidXplorer for screening of expected
saponinsas they are considered to be the main secondary metabolite from the Zyziphus
species, using the same protocol described elsewhere [19–22].

The results yielded by this last application were manually combined with the molecu-
lar network yielded by the GNPS workflow for annotation. Besides, compound annotation
was also performed by comparing the experimental MS/MS spectra from compounds in
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the extract to those available in the NIST MSMS 2014 library and Mass Spectra of North
America (MoNA) [23].

2.2.2. Energy-Dispersive Spectroscopy (EDS)

The elemental analysis through energy-dispersive spectroscopy (EDS) was obtained
through a scanning electron microscope (Hitachi TM3030 Plus), with an acceleration voltage
of 15 kV. The micrographs were obtained with a magnification of 2000× g.

2.2.3. Quantification of Saponin

The quantification of saponins was confirmed by the Vanillin-Sulphuric acid method [24].
The standard curve was performed with diosgenin of 1 mg mL−1 and the absorbance was
detected by the spectrophotometer at 535 nm. All the analyses were repeated three times
and the mean value of absorbance was obtained.

2.2.4. X-ray Photoelectron Spectroscopy (XPS)

The XPS analysis was carried out in order to determine the surface composition and
chemical states of the elements present in the EJSB and its high molecular weight fraction
(HMWF) samples. X-ray photoelectron spectroscopy (XPS) was performed in ultra-high
vacuum equipment (ScientaOmicron), using a non-monochromatic Al Kα (hν = 1486.6 eV)
X-ray source, operated at 15 kV and 20 mA. The C 1s and N 1s high-resolution spectra were
acquired with analyzer pass energy of 20 eV and 0.05 eV energy steps. The peak fitting
was performed using CasaXPS software.

2.3. Weight Loss Essays

The weight loss measurements were carried out in the absence and presence of both
EJSB and its HWMF at 100, 200, 400 and 800 mg L−1 in 1 mol L−1 HCl solution for 2 h
immersion time at room temperature.

The weight loss essays were performed according to norm ASTM G31-7, by using
analytical balance of 0.1 mg precision. Inhibition efficiency (IE%) was obtained through
Equation (1) [1]:

IE (%) =
CR,0−CR

CR,0
× 100, (1)

where CR,0 is the corrosion rate (g cm−1 h−1) in the absence of the inhibitor and CR is the
corrosion rate in the presence of the inhibitor.

Previously, the mild steel was mechanically abraded with 100, 320 and 600 grade
sandpapers, washed with distilled water and ethanol, and then hot-air dried. The area of
the specimens was measured by using a digital pachymeter. After being withdrawn from
the test solutions, the mild steel specimen was washed with distilled water and ethanol
and then dried.

Tests were carried out at different temperatures of 25, 35, 45 and 55 ◦C in both
uninhibited and inhibited systems containing 200 mg L−1 of the EJSB and its HWMF with
2 h immersion time.

2.4. Electrochemical Techniques

The electrochemical tests were performed in a model Autolab PGSTAT 128N poten-
tiostat/galvanostat with a Metrohm impedance module. A 3-electrodes system was used
with mild steel as the working electrode (with 0.913 cm2 area), a large platinum wire as
counter-electrode, and a saturated calomel electrode as reference.

In order to carry out the electrochemical impedance measurements, the open-circuit
potential (OCP) was monitored for 8000 s. The impedance was carried out by frequency
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ranging from 100 kHz to 10 mHz, with 10 points per decade and amplitude of 10 mV (rms).
The inhibition efficiency (IE%) was calculated according to Equation (2) [1].

IE (%) =
RP − RP,0

RP
× 100, (2)

where Rp e RP,0 are the polarization resistances (Ω cm2) obtained, respectively, in the
presence and absence of the inhibitor.

The anodic and cathodic potentiodynamic polarization curves were obtained using a
scanning rate of 1 mV s−1 from −300 mV to +300 mV in relation to the stable open circuit
potential. Corrosion current density (jcorr), corrosion potential (Ecorr), Tafel anodic (βa) and
catodic (βc) constants were obtained by Tafel extrapolation method. Inhibition efficiency
(IE%) was obtained by Equation (3) [1].

IE (%) =
jcorr,0 − jcorr

jcorr,0
× 100, (3)

where jcorr,0 and jcorr are the corrosion current densities (mA cm−2), respectively, in the
absence and presence of the inhibitor.

2.5. Scanning Electron Microscope (SEM) Studies

The surface morphological images of each investigated mild steel specimen, after
immersion in 1 mol L−1 HCl, in the absence and the presence of 200 mg L−1 of the EJSB,
and of the HWMF, with 2 h immersion time, employing a JEOL scanning microscope
(JSM6390LV).

2.6. Theoretical Calculations

Density functional theory (DFT) calculations were conducted, using Gaussian 09 [25].
The optimized geometries of protonated (neutral) and non-protonated anion) of saponin
were obtained using the functional B3LYP exchange-correlation hybrid [26,27] and the
Lanl2DZ pseudo-potential [28] was employed on all atoms. Calculations were conducted
in the gas phase and the absence of imaginary frequency values in the optimized structures
confirmeda minimal local energy.

The UCA-Fukui software [29] was used to obtain the reactivity Fukui indices using
the Finite Difference approximation method (Equations (4) and (5)): qk(N) is the charge
on original structures and qk(N − 1) and qk(N + 1) are the charges on structures with one
electron less and one electron more, respectively [30]. These indices also were obtained
with the B3LYP/LanL2DZ theory level.

f+k = qk(N + 1)− qk(N), (4)

f−k = qk(N)− qk(N − 1), (5)

The energies of frontier molecular orbitals (FMO, EHOMO and ELUMO) were employed
to obtain the following theoretical reactivity indices: hardness index (η, Equation (6)),
Mulliken electronegativity (χ, Equation (7)), electrophilicity (ω, Equation (8)) and nucle-
ophilicity (ε, Equation (9)) indices [30].

η =
(ELumo − EHomo)

2
, (6)

χ = − (ELumo + EHomo)

2
(7)

ω =
χ2

4η
(8)
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ε = − 1
ω

(9)

The proton affinity (PA) was obtained by Equation (10): Eprot and Enon−prot are the total
energies of protonated and non-protonated forms of the inhibitor, respectively, while EH2O
and EH3O+ are the total energies of the H2O and H3O+, respectively.

PA = Eprot + EH2O − Enon−prot + EH3O+ (10)

3. Results
3.1. Chemical Characterization
3.1.1. LC-MS Analysis

The base peak chromatogram of the EJSB sample after background subtraction of the
blank sample is shown in Figure 1 for both ESI (±) analyses.

A total of 6 compounds were annotated in the samples by comparing their MS/MS
spectra and exact mass measurement (error < 6 ppm), using the public (MoNA) and
commercial (NIST MSMS 2014) databases in MS-DIAL software: agmatine (tR 0.7 min,
[M+H]+, error 2.4 ppm), aspartic acid (tR 0.8 min, [M+H]+, error 4.7 ppm), gluconic or
galactonic acid (tR 0.8 min, [M-H]−, error 5.1 ppm), citric or isocitric acid (tR 0.8 min,
[M-H]−, error 4.0 ppm), N-acetylglutamic acid (tR 0.9 min, [M+H]+, error 4.6 ppm), 3-
Hydroxy-11-ursen-28,13-olide (tR 10.5 min, [M+H-H2O]+, error 1.9 ppm). Most of them are
highly polar compounds eluted at the beginning of the chromatographic analysis in the
reversed-phase column, resulting in the large peak observed around 0.8 min in Figure 1.

Figure 1. Base peak chromatogram of EJSB sample in (A) positive-ESI and (B) negative-ESI. The insert shows zoomed
regions of the LC-HRMS chromatograms.

The LC-HRMS datasets from ESI-(+) and ESI-(−) analyses were submitted to the
FBMN for visualization of the chemical space of EJSB. Among the compounds detected,
triterpenes and saponins were annotated as major constituents. GNPS did not yield any
match with its database. The Lipid XPlorer approach enabled the annotation of 12 deriva-
tives of cucurbitacins and jujubogines aglycones and glycosides (Supplementary Figure S1).
It is virtually impossible to determine the unequivocal structure of each compound without
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laborious purification procedures, but it is safe to say there is a broad range of compounds
with similar structure composition at different hydroxylation stages due to the number of
nodes and the common H2O neutral loss of 18.01 Da. The fragmentation pattern widely
shared by the compounds within this network is in agreement with such structures closely
related to the jujubogenin and pseudojujubogenin with fragments at m/z 121.10, 201.1 and
315.23 [31]. Thus, sharing the same network, many compounds were annotated as mono-
bi- and tri-glycoside derivatives due to neutral loss of the characteristic molecular weight
of pentose, and hexone of 132.04 and 162.05 Da, respectively (Supplementary Table S1) [32].

3.1.2. Element Analysis by Energy-Dispersive Spectroscopy (EDS)

As stated above, the secondary metabolites, such as flavonoids, steroids and saponins,
are present in the Ziziphus joazeiro stem bark extracts. Energy-Dispersive Spectroscopy
(EDS), which is a technique used for the elemental analysis or the chemical characterization
of a sample, was used to broaden such knowledge on the aforementioned extract.

The mass percentage of the chemical elements found by EDS are shown in Table 2.
The main composition of the EJSB and HMWF are C and O, which are characteristic of
organic substances.

Table 2. Extracts—mass percentage of elements.

Mass Percentage/(%)

C O N K S P Mg Se

EJSB 47.3 41.4 6.11 3.08 1.26 0.51 0.40 0.05
HMWF 51.6 36.9 8.63 1.26 0.87 0.40 0.15 0.03

In general, phytochemical compounds are characterized by single functional groups
that, in many cases, may contain hetero atoms. For example, saponins have a very large
amount of oxygen in their macromolecule that appears at functional sites as hydroxyl
groups and ether linkages, as shown in Figure 2 [13]. It is important to note that some
molecules containing nitrogen have been detected by LC-HRMS in the EJSB sample as
agmatine, aspartic acid and N-acetylglutamic acid (results shown in Section 3.1.1). The
chemical structure shown in Figure 2 explains the presence of sulfur in the extracts.

Figure 2. Saponin chemical structure from juá.

The presence of saponins and triterpenes was confirmed as main constituents by the
LC-MS. Moreover, these compounds were reported by other studies as some of the main
compounds which are present in the composition of the aqueous extract of the Ziziphus
joazeiro stem bark [10–12,33].
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3.1.3. X-ray Photoelectron Spectroscopy (XPS)

The XPS analysis was performed to investigate the surface composition and chemical
states of the elements present in the samples, as well as the interaction of the organic
film with mild steel support. Figure 3 presents the XPS survey spectrum for blank, EJSB
and HMWF samples. Analyzing the survey’s spectra, Figure 3a, it is possible to observe
higher-carbon elemental content in the HMWF (~50%) in comparison with the EJSB (37%)
and the blank samples (~20%). Oxidized-carbon elements content were similar between
the studied samples (Table 3), but EJSB sample showed slightly more hydroxyl groups than
HMWF sample, Figure 3b,c, respectively. Previous works (13) have been reporting that
high-molecular weight saponins have a higher interaction with the support metal than the
low-molecular weight saponins. In the present case, the binding energy of the iron element
(Fe 2p photoelectron line) showed a peak shift when Fe 2p in EJSB and HMWF spectra are
compared with Fe 2p in blank spectrum: from 710.6 eV in the blank spectrum to 709.6 eV
for EJSB and 708.6 eV for HMWH sample. These binding energy values indicate an FeO
(Fe II) oxidation state for all samples, but with different inhibitor-support at the interaction
level [34]. The peak shifts observed in EJSB and HMWF indicate that oxygen atoms from
the inhibitor films are donating electronic density to the metallic ion present in the mild
steel support, decreasing its binding energy. Comparing the two investigated samples,
HMWF presented higher inhibitor-support interaction.

Figure 3. (a) X-ray photoelectron survey spectra showing the main chemical elements present in the
three studied samples: EJSB, HMWF and blank; High resolution XPS spectra showing the chemical
environment for C element (b) C1s for EJSB and (c) C1s for HMWF.

Table 3. Chemical composition in percentage evaluated from the Gaussian-Lorentzian (70/30) C 1s peak fitting.

C=C (%) (284.6 ± 0.5 eV) C-H (%) (285 ± 0.5 eV) C-OH (%) (286.1 ± 0.5 eV) C-O (%) (286.7 ± 0.5 eV) C=O (%) (287.5 ± 0.5 eV)

EJSB 43 23 11 8 15
HMWF 35 26 8 15 16

The data above were evaluated from the C1s spectra deconvolution, and thus represent only an estimative of chemical composition to
assist in the spectra interpretation. The peak position and full-with at half a maximum value were kept fixed, while the peak area was free
to change in agreement with the best peak fit.

3.1.4. Saponins Content Quantification

The content of saponin in EJSB was determined from the regression equation of the
calibration curve (y = 1.199x + 0.137, R2 = 0.972), obtained using the colorimetric assay. In
this present study, the saponin’s content in fractions of the EJSB was 0.488 mg mL−1 ± 0.129
that corresponds to 65% (m/v).
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3.2. Weight Loss Essay

The weight loss essays were used to evaluate the inhibitory properties of aqueous
EJSB and its HMWF for mild steel corrosion 1 mol L−1 HCl solution (Table 4).

Table 4 shows the results of the weight loss measurements, using different concentra-
tions of the aqueous EJSB and HMWF for 2 h immersion time. One can observe that as the
concentration of both products EJSB and HMWF increases, the inhibition efficiency also
increases. This suggests a protection mechanism due to the adsorption of molecules from
the Ziziphus Joazeiro stem bark on the metal surface.

Table 4. Weight-loss measurements results for mild steel in 1 mol L−1 HCl solution, in the absence and the presence of the
aqueous EJSB and HMWF, at different concentrations.

[Inhibitor]
(mol L−1)

EJSB HMWF

CR (g cm−2 h−1) IE (%) SDIE (%) CR (g cm−2 h−1) IE (%) SDIE (%)

Blank 1.49 × 10−3 - - 1.62 × 10−3 - -
100 ppm 2.24 × 10−4 82.8 0.9 2.92 × 10−4 82.7 0.7
200 ppm 2.25 × 10−4 85.0 0.7 1.83 × 10−4 90.1 0.6
400 ppm 1.88 × 10−4 88.2 0.3 2.04 × 10−4 89.0 0.6
800 ppm 1.67 × 10−4 89.0 0.3 1.82 × 10−4 90.5 0.6

CR—corrosion rate; IE—inhibition efficiency; SD—standard deviation.

Temperature is one of the factors that affects the corrosion of metals and the stability
of inhibitive molecules on the metal surface [35].Therefore, the influence of temperature on
the inhibitory action of the aqueous EJSB and its HWMF was carried out for the mild steel
corrosion in 1 mol L−1 HCl solution.

As can be seen in Table 5, the corrosion rate increases with the temperature for both
uninhibited and inhibited systems. However, such an increase is more significant in the
absence of the extract. The IE (%) varied from 85% to 90% for EJSB and from 89% to 93% for
HWMF, 25 to 55 ◦C. These results suggest that, as the temperature of the solution increases,
the desorption of the water molecules of the metal surface is stimulated, resulting in an
increase in the coverage of the surface by the inhibitive molecules.

The increase in IE, alongside the increase in temperature, may be due to the chemical
interaction between the saponin molecules and the mild steel [36].

Table 5. Weight-loss data for mild steel in 1 mol L−1 HCl solution, in the absence and presence of 200 mg L−1 of the aqueous
EJSB and of the HWMF from 25 to 55 ◦C.

T
(◦C)

Blank EJSB Blank HWMF

CR
(g cm−2 h−1)

CR
(g cm−2 h−1)

IE
(%)

SDEI
(%)

CR
(g cm−2 h−1)

CR
(g cm−2 h−1)

IE
(%)

SDEI
(%)

25 1.94 × 10−3 2.83 × 10−4 85.4 0.5 1.78 × 10−3 1.82 × 10−4 89.8 0.6
35 3.53 × 10−3 3.51 × 10−4 90.1 0.5 3.38 × 10−3 2.97 × 10−4 91.8 0.4
45 6.07 × 10−3 5.52 × 10−4 90.9 0.2 6.31 × 10−3 4.70 × 10−4 92.6 0.0
55 1.04 × 10−2 1.04 × 10−3 89.8 0.2 1.08 × 10−2 7.43 × 10−4 93.0 0.3

CR—corrosion rate; IE—inhibition efficiency; SD—standard deviation.

The apparent activation energy of the system (Ea) was obtained through Equation (11) [1].

ln CR =
−Ea

RT
+ ln A, (11)

where CR is the corrosion rate (g cm−2 h−1), Ea is the apparent activation energy (kJ mol−1),
A is the pre-exponential factor, T is the absolute temperature (K) and R is the constant of
the ideal gases (8.314 J K−1 mol−1).
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The Arrhenius plots (Figure 4) were acquired using data presented in Table 6, where
the angular coefficient was used to obtain the value of the apparent activation energy
associated to the corrosion process of the mild steel in the HCl solution. It is important to
note that both straight lines for uninhibited and inhibited systems are parallel, with a small
decrease in the angular coefficient with the addition of the inhibitor.

As shown in Table 6, the energy activation values obtained in the presence of EJSB, as
well as in the presence of its HWMF, were lower than those obtained in their absence. The
decrease in the values of the apparent activation energy (Ea) in the presence of inhibitors is
characteristic of a chemisorption process [4,37].

Figure 4. Arrhenius plots for mild steel in 1 mol L−1 HCl solution in the absence and in the presence of: (a) EJSB and (b) HWMF.

Table 6. Activation parameters in the absence and presence of the aqueous EJSB and of the HWMF.

Inhibitor Ea (kJ mol−1) ∆H* (kJ mol−1) ∆S* (kJ mol−1K−1)

Blank 45.4 42.8 −153.3
EJSB 35.2 32.6 −204.4
Blank 49.1 46.5 −141.6

HWMF 38.1 35.5 −197.6

The activation parameters (activation enthalpy and entropy) were calculated by an
alternative form of the Arrhenius Equation (12):

CR =
RT
Nh

exp
(

∆S∗

R

)
exp

(
−∆H∗

RT

)
, (12)

where, h is the Planck constant (6.63 × 10−34 J s), N is the Avogadro number (6.02 × 1023)
and ∆S* and ∆H* are the activation entropy and enthalpy, respectively.

The plot ln (CR/T) vs. 1/T (shown in Figure 5) produces a line with an angular
coefficient of −∆H*/R and a linear coefficient of ln (R/Nh) + ∆S*/R, from which ∆S* and
∆H* are calculated and tabulated in Table 6.

The positive signs of the ∆H* reveals the endothermic nature of the mild steel dissolu-
tion process [38]. For both uninhibited and inhibited systems, the Ea values are greater than
∆H*, which suggests that the corrosion process involves a gaseous reaction. Activation
entropies were negative in both the absence and the presence of the inhibitor, indicating
that the activated complex in the determinant step is related more to a process of association
than one of dissociation [1].
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Figure 5. Arrhenius graph [ln (wcorr/T) vs. 1/T] for mild steel in 1 mol L−1 HCl solution, in the absence and presence of:
(a) EJSB and (b) HWMF.

3.3. Electrochemical Essays
3.3.1. Open Circuit Potential

Before carrying out the electrochemical impedance and the potentiodynamic polariza-
tion curves, the OCP (open-circuit potential) was monitored until its stabilization.

The OCP was measured during 8000 s of exposure to the mild steel, both in the absence
and the presence of the inhibitors. Figure 6 shows the OCP versus time graph. Initially, the
OCP curves show a potential decrease for the first minutes of immersion, which could be
related to the oxide-layer dissolution formed in the air.

Figure 6. Variation of OCP as a function of time recorded for mild steel in 1 mol L−1 HCl solution, in the absence and the
presence of different concentrations of total EJSB (a) and its HMWF (b).

From approximately 8000 s, the curves become horizontal, indicating that the OCP
was stabilized in all cases.

The stabilized OCP values in the presence of the total EJSB and its HMWF were higher
than the blank, with a maximum shift of 20 and 23 mV, respectively. These results indicate
that the mild steel surface was modified by the molecules present in the extracts.
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3.3.2. Electrochemical Impedance Spectroscopy (EIS)

Figure 7 shows Nyquist and Bode plots for mild steel in a 1 mol L−1 HCl solution,
in the absence and presence of several concentrations of the EJSB and its HWMF at room
temperature.

The Nyquist diagrams show one capacitive loop flattened due to the lack of surface
homogeneity and its roughness/rugosity [39]. The inhibitor addition did not change this
behavior, indicating the activation-controlled nature of the reaction (Figure 7a,d). The
increase in the inhibitor concentration leads to an increase in the diameter of the semicircle
and thereby leads to higher polarization resistance (Rp) values. This behavior is explained
by the protection of the metal surface against the acid corrosion.

Figure 7b,e show a single time constant for all curves, without frequency shift in the
presence of the inhibitor. Moreover, higher phase angles were obtained by the addition of
inhibitors to the medium, indicating an increase in the surface capacitive behavior due to
its inhibitory action against the corrosion. Also, in Figure 7c,f, we can see an increase in the
impedance modulus with the inhibitor’s concentration.

Figure 7. Cont.
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Figure 7. Nyquist and Bode plots of mild steel in 1 mol L−1 HCl solution, in the absence and in the presence of the EJSB
and its HWMF: (a,d)—Z′′ versus Z′; (b,e) phase angle versus frequency; and (c,f) impedance module versus frequency.

All impedance diagrams were analyzed based on an equivalent circuit, shown in
Figure 8, where Rs is the solution resistance, RP is the polarization resistance and CPE is
the constant phase element, which was used instead of a double layer capacitor to provide
a more precise adjustment.

The double layer capacitance (Cdl), for a circuit including a CPE was calculated by
Equation (13) [40]:

Cdl = Y0 (2π fmax)
n−1, (13)

where, Y0 is the magnitude of CPE, n represents the deviation from the ideal behavior, and
fmax is the frequency in which the imaginary component of the impedance is maximal.

Figure 8. Equivalent circuit proposed for impedance data simulations.

Table 7 presents parameters as polarization resistance (RP), double-layer capacitance
(Cdl) and inhibition efficiency (IE%) for different inhibitor concentrations. The increase in
the inhibitor concentration improves the RP and reduces the Cdl values. The decrease in the
Cdl values is due to the inhibitor molecules adsorption on the electrode surface, causing a
reduction in the electroactive area [41].

The results obtained from weight loss measurements are in perfectly good agreement
with those from electrochemical impedance studies. The IE varied from 85.4 to 89.8 and 89.8
to 93.0% for EJSB and its HMWF, respectively, using the gravimetric essays data and from
84.5 to 94.5 and 89.9 to 94.7% for EJSB and its HMWF, respectively, from the impedance
data. Both EJSB and its HMWF show excellent inhibitory properties.
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Table 7. Electrochemical parameters (EIS technique) in the absence and presence of the EJSB and of the HWMF, at different
concentrations, in mol L−1 HCl solution.

Inhibitor [Extract]/(mg L−1) fmax/(Hz) Rp/(Ω cm2) Y0/(µMho cm−2) Cdl/(µF cm−2) n IE/(%) SDEI (%)

EJSB

0 71.3 15.5 273 146 0.904 - -
100 31.6 100 104 52.0 0.868 84.5 1.4
200 25.1 149 78.9 43.0 0.881 89.1 3.2
400 20.0 205 59.5 35.0 0.893 91.7 1.2
800 20.0 271 55.2 33.0 0.889 94.5 0.2

HWMF

100 25.1 153 80.2 43.0 0.875 89.9 0.4
200 23.4 171 76.8 42.0 0.878 90.9 0.3
400 20.0 211 64.0 37.0 0.884 92.7 0.3
800 20.0 291 54.0 31.0 0.884 94.7 0.0

fmax—Frequency in which the imaginary component of the impedance is maximal; Rp—Polarization resistance; Y0—Magnitude of CPE;
Cdl—Double layer capacitance; n—Deviation from the ideal behavior; IE—Inhibition efficiency; SD—Standard deviation.

3.3.3. Potentiodynamic Polarization Measurements

In Figure 9, the anodic and cathodic polarization curves were recorded for mild steel
in 1 mol L−1 HCl solution, with the absence and presence of different concentrations
of the EJSB and its HWMF at room temperature. The electrochemical parameters, as
corrosion potential (Ecorr), corrosion current density (jcorr), anodic and cathodic Tafel slopes
(βa and βc), were obtained from Tafel extrapolation method, and the corrosion-inhibition
efficiencies IE (%) were calculated and presented in Table 8.

Figure 9. Potentiodynamic polarization curves for mild steel in 1 mol L−1 HCl solution in the absence and presence of
different concentrations of EJSB (a) and its HWMF (b).

Table 8. Kinetic parameters obtained from the Tafel plots for mild steel in 1 mol L−1 HCl solution in the absence and in the
presence of EJSB and its HWMF at different concentrations.

Inhibitor [Extract]/(mg L−1) Ecorr/mV jcorr/(mA cm−2) −βc/(mV dec−1) βa/(mV dec−1) IE/(%) SD EI(%)

EJSB

0 −476 8.21 × 10−1 101 86.7 - -
100 −471 1.31 × 10−1 119 70.4d 84.0 0.4
200 −470 8.34 × 10−2 119 66.4 89.8 2.4
400 −476 7.74 × 10−2 124 67.5 91.3 0.9
800 −487 5.10 × 10−2 121 67.1 93.9 0.4

HWMF

100 −471 1.12 × 10−1 123 75.6 86.4 0.0
200 −465 8.37 × 10−2 120 74.5 89.8 1.0
400 −467 6.72 × 10−2 127 68.4 91.8 0.3
800 −470 5.87 × 10−2 125 74.0 92.9 0.0
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Polarization curve results showed that in the presence of EJSB and its HWMF there
is a decrease in both anodic and cathodic current densities when compared to the system
without an inhibitor. It is reported that if the shift in corrosion potential exceeds ±85 mV,
with respect to corrosion potential without an inhibitor, the inhibitor acts as anodic or
cathodic type [37]. In the present case, the maximum displacement in Ecorr is found to be
−11 mV and +6 mV for EJSB and its HMWF, respectively, indicating that both EJSB and
HWMF behave as a mixed type of inhibitor by acting on both hydrogen evolution and
metal dissolution reactions through the adsorption on anodic and cathodic sites.

Table 8 shows that the addition of the EJSB and HWMF to the HCl solution results
in a corrosion current density (jcorr) decrease, while the inhibition efficiency increases as
expected. This behavior could be attributed to the adsorption of the inhibitor molecules
on the metal surface which, based on the weight loss tests varying temperature, appears
to be chemical in nature [42]. Furthermore, βa and βc values varied very little with the
addition of the extract. These results, combined with the impedance results, suggest that
the molecules block the surface without changing the mechanism of cathodic and anodic
reactions. However, the gravimetric essays showed an Ea decrease with the inhibitor
addition for both EJSB and its HMWF. Therefore, the extract components probably act as a
mixed type, where the screening effect is added to the activation effect [43].

3.4. Adsorption Isotherm

The adsorption isotherms help us to understand the mechanism of the interaction
between the organic molecules and the metal surface [5,44]. The data obtained from
the gravimetric essays were used to trace four types of adsorption isotherms: Langmuir,
Temkin, Florry-Huggins and El-Awady. They relate the degree of surface coverage (θ) to
the concentration of the inhibitor, according to Equations (14)–(17):

C
θ
=

1
K
+ c, (14)

θ =

(
−2.303

2a

)
log K +

(
−2.303

2a

)
log c, (15)

log
(

θ

C

)
= log K + x log(1− θ), (16)

log
(

θ

1− θ

)
= log K + y log c, (17)

θ =
IE

100
, (18)

where c is the concentration of the inhibitor (mg L−1), K is the constant equilibrium of
adsorption, a is the lateral interaction parameter between the adsorbed molecules, x is
the number of adsorbed water molecules replaced by the inhibitor molecules and y is the
number of inhibitor molecules adsorbed in each active site. θ (IE/100) is the degree of
surface coverage by the inhibitor molecule.

Table 9 shows all straight lines data obtained from the linear adjustments for both
inhibitors (EJSB and its HMWF). The model that fitted the data best for both inhibitors
(EJSB and its HMWF) is the Langmuir isotherm model. According to this model, it is
assumed that the solid surface consists of a fixed number of adsorption sites and each site
holds one adsorbed species [5].

Despite the good linear correlation (R2 = 0.9999) from the Langmuir isotherm, the
angular coefficient deviated from one unit (1.040 and 1.046), for EJSB and its HMWF,
respectively. These results suggest that there is interaction between adsorbed molecules of
the inhibitor and/or the relation between active site for each adsorbed molecule is different
from one unit [45].
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Table 9. Data of straight lines obtained by linear adjustment for all isotherms.

Isotherm LinearEquation R2

EJSB
Langmuir y = 1.040x + 16.567 0.9999
El-Awady y = 0.540x− 0.3427 0.993

Flory-Huggins y = 1.932x− 0.512 0.9915
Temkin y = 0.108x + 0.634 0.9709

HMWF
Langmuir y = 1.046x + 9.635 0.9999
El-Awady y = 0.336x + 0.252 0.9549

Flory-Huggins y = 2.983x + 0.830 0.926
Temkin y = 0.054x + 0.789 0.97

Flory-Huggins and El-Awady isotherms provide supplementary information. If the
parameter x is greater than one unit, there is an indication that more than one molecule
of water is displaced by a single molecule of the inhibitor. Similarly, if the parameter y
is less than one unit, it shows that a single molecule of the inhibitor may be adsorbed on
more than one active site of the metal [1,39,40,42]. Our results (x = 1.932 and y = 0.540 for
EJSB and x = 2.983 and y = 0.336 for its HMWF) suggest that the inhibitory molecules are
likely to be bulky. Besides, the parameter a from Temkin isotherm is negative, indicating
the repulsive nature of the interaction between the adsorbed molecules. This supports the
hypothesis that saponins are the molecules responsible for the inhibitory action of EJSB
and its HMWF.

Considering that the inhibitory molecules are bulky, in addition to the Langmuir
isotherm, the experimental data also fitted well into the thermodynamic-kinetics model of
El-Awady (Figure 10) [46], where the binding constant K is given by [47]:

K = K’(1/y), (19)

Large values of K mean a better and stronger interaction between the inhibitory
molecule and the metal surface. For EJSB and its HMWF we found 0.2321 and 5.6138 as K
values.

Figure 10. El-Awady adsorption isotherm of EJSB (a) and its HWMF (b) on mild steel in 1 mol L−1 HCl at room temperature.

3.5. Scanning Electron Microscope (SEM) Studies

The Figure 11a,b presents the surface image of the abraded sample prior to and
succeeding immersion in 1 mol L−1 HCl solution for 2 h, whereas Figure 11c,d are the
images of the mild steel surface after immersion in the corrosive solution, containing both
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inhibitors EJSB and its HMWF, respectively. Figure 11b shows that the surface is highly
damaged due to the formation of corrosion products and the attack of the aggressive
solution in the absence of inhibitors. The image of the mild steel surface in the presence of
the inhibitors, shown in Figure 11c,d, represents a surface which is smooth in comparison
to Figure 11b. These results indicate that the presence of both inhibitors, EJSB and its
HMWF, hinders the dissolution of the mild steel due to the formation of a protective film
by the adsorption of inhibitor molecules onto the surface, which decreases the corrosion
rate of mild steel in 1 mol L−1 HCl solution.

Figure 11. Photographs (on top) and SEM micrographs (on the bottom): abraded mild steel before immersion in the corrosive
solution (a); immersion in 1 mol L−1 HCl without inhibitor (b); immersion in 1 mol L−1 HCl containing 200 mg L−1 of EJSB
(c); immersion in 1 mol L−1 HCl containing 200 mg L−1 of HWMF (d).

3.6. Theoretical Calculations

The PA (Equation (10)) was calculated for saponin with O120 and O136-atoms from -
SO4 groups (Figure 12) protonated and deprotonated sincein acid environment the molecule
must be protonated. The value obtained (−13.69 kcalmol−1) suggests that the protonation
in these O atoms is favorable.

Figure 12. Numbered optimized structure calculated for saponin (protonated form) by B3LYP/LanL2DZ level with PCM model.
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The FMO energies are associated with the ability of donation (EHOMO) and acceptation
(ELUMO) of electrons and corrosion inhibitors in the redox process. A higher EHOMO
indicates a higher electron’s donation from the inhibitor to the metal surface, while a lower
ELUMO indicates a higher electron’s donation from the metal surface to the inhibitor [30].
A lower gapHOMO–LUMO (ELUMO–EHOMO) implies a high stability for the inhibitor-metal
complex which has formed [48]. The EHOMO and ELUMO calculated (Table 10) showed
that both forms of saponin have a similar EHOMO values. The protonated form presented
alower ELUMO than the non-protonated form. Thus, ELUMO suggests that the protonated
form of the inhibitor should have better electron-accepting ability from the metal surface
than the non-protonated form. In addition, the lower GapHOMO–LUMO of the protonated
form indicates that this form has a higher reactivity than the non-protonated form.

The η index (Equation (6) values showed that the protonated form has a lower-charge
transferring resistance than the non-protonated form, while the χ values (Equation (7)
showed that the protonated form has a higher electron attraction ability toward itself than
the non-protonated form. The ω (Equation (8) index showed that the non-protonated
form has a higher attraction to electron-rich centers than the protonated form, while ε
(Equation (9) values showed that both forms have a similar attraction to electron-poor
centers.

Table 10. Quantum Chemical global parameters (eV) for saponin by B3LYP/LanL2DZ level with
PCM model.

Isotherm EHOMO ELUMO GapHOMO–LUMO η χ ω ε

Non-
prot −6.62 −2.16 4.47 2.23 −4.39 10.75 0.09

Prot −6.67 −3.97 2.70 1.35 −5.32 9.56 0.10

In addition to the global parameters of reactivity, we calculated the local parameters
of reactivity. As the protonated form showed the best results forthe global parameters,
the local parameters were only calculated for the protonated structure. The (Supplemen-
tary Table S2) presented the local parameters for the main atoms of inhibitor, while the
(Supplementary Table S3) presented the local parameters for all the atoms of the structure.

The FMO graphical representations (Figure 13) showed that HOMO was localized in
the regions of C67, C69 and O144 atoms, in which these atoms presented 9.565, 8.424 and
7.036% of contribution in HOMO, respectively (Supplementary Table S2). Additionally, it
observed a strong π participation of the orbitals in these atoms.

The LUMO was localized in -SO4 group of S133-atom (Figure 13). This group pre-
sented 64.71% of the contribution in LUMO (Supplementary Table S2). These results
suggest that the regions of the inhibitor that interact with metal surface are the C67=C69
bond and the O144-atom, which are both electron-rich regions (higher transfer of electrons
from the inhibitor to the metal surface), and the region of -SO4 group, which is an electron-
poor region (higher transfer of electrons from the metal surface to the inhibitor). Similar
results were observed for non-protonated forms of saponin.

The analysis of the charge distribution of Mulliken (Supplementary Table S2) showed
that the highest and lowest values of charge were observedin the S-atoms and the O-atoms,
respectively. The atoms of the regions C10-C74 (and O144-atom) presented lower charge
values, suggesting that this region of the molecule should interact with the metal surface
by electron-donation, while the S-atom should accommodate the negative charge from the
metal.

The changes in the chemical potential of a given atom of a molecule can be explained
by the Fukui functions, which represent the change in electrons in one atom. The ƒk

+

and ƒk
− functions correspond to the ability of one atom to receive and donate electrons,

respectively [49]. Analyzing the results of (Supplementary Table S3), it observed that
the atoms of this group have a high ƒk

− and %LUMO values and the S133-atom has
a higher charge value, suggesting that this group should better accommodate negative
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charge from the metal surface. The higher values of ƒk
+ and %HOMO observed on the C67,

C69 and O144 atoms suggest that these atoms have an important role in theqprocesses of
electron-donation of saponin to metal surface.

Figure 13. Graphical representations of HOMO and LUMO of structure calculated for saponin
(protonated form) by B3LYP/LanL2DZ level with PCM model.

4. Conclusions

The aqueous extract of Joazeiro Stem Barks (EJSB) and its high molecular weight
fraction (HMWF) acts as a great corrosion inhibitor in an acid medium of 1 mol L−1

HCl. The results achieved by gravimetric, weight loss method, electrochemical-impedance
spectroscopy and anodic and cathodic polarization curves corroborate with each other. The
anticorrosive efficiency augments with the concentration of both products EJSB and HMWF.
The mechanism of inhibition occurs through adsorption on the metal surface, preventing
both iron dissolution and hydrogen evolution, being, therefore, a mixed inhibitor, as shown
by the potentiodynamic polarization curves. Electrochemical results showed that the
addition of the extracts did not change the anodic and cathodic mechanism. However,
the gravimetric essay’s varying temperature showed the Ea decrease with the addition
of the inhibitorfor both EJSB and its HMWF. Therefore, the extract components probably
act as a mixed type where the screening effect is added to the activation effect. The
experimental data obtained in this study fits the thermodynamic-kinetic model of El-Awady.
The chemical characterization of the EJSB by LC-MS analyses made the identification of
18 compounds possible. Among the compounds detected, saponins were annotated as
major constituents which have structural characteristics necessary to adsorb on the metal
surface and form a protective film. Considering the saponins as major constituent in EJSB,
it is possible to suggest that they should be responsible for the adsorption process. From
the theoretical study with the saponin found in juá, the higher values of ƒk

+ and %HOMO
observed on the C67, C69 and O144 atoms suggest that these atoms have an important role
in the processes of electron-donation of saponin to metal surface.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pr9081323/s1, Figure S1: Network, Table S1: Compound annotation of main the saponins
from EJSB from the positive-ESI, Table S2: Quantum Chemical local parameters for saponin by
B3LYP/LanL2DZ level with PCM model, Table S3: Quantum Chemical local parameters for saponin
by B3LYP/LanL2DZlevel with PCM model.

https://www.mdpi.com/article/10.3390/pr9081323/s1
https://www.mdpi.com/article/10.3390/pr9081323/s1
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