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The inhibitive activity of a mixture of Ficus pumila Linn. leaves hydroalcoholic extracts (HEFP) and zinc ions
against corrosion of XC38 steel in NaCl solution was investigated. Electrochemical measurements (potentiody-
namic polarization and electrochemical impedance spectroscopy at and around the corrosion potential) and
surface analysis (SEM/EDX) have shown that the presence of zinc ions considerably increases the inhibitive
capacity of HEFP. However, appropriate concentrations of zinc ions (50 and 100 ppm) and of HEFP
(200 ppm) are necessary to have an optimal inhibitive effect. The formation of organometallic complexes
between zinc ions and some organic compounds of HEFP (polyphenols and carbohydrates) are the determining
step of the synergistic inhibition. Since the main inhibitive agents in plant extracts are polyphenols, a simula-
tion of this inhibitive character was electrochemically done with a mixture of flavonoid (quercetin), phenolic
acid (gallic acid) and zinc ions in order to elucidate the inhibition mechanism. The obtained results showed
that the electrochemical behavior of XC38 steel in the presence of this mixture is quite similar to that obtained
in the presence of HEFP + Zn2+ formulation. The proposed inhibition mechanism, which explains the good
inhibitive efficiency observed in presence of the HEFP + Zn2+ formulation, is based on concerted reactions
between the steel oxidation products (Fe2+ and Fe3+), the zinc ions and the Iron(II) and Iron(III) complexing
agents present in the extract.
1. Introduction

Carbon steel is a widely used material because of its machinability,
ductility, high melting point, good thermal and electrical conductivity.
However, this material is susceptible to deteriorate due to corrosion
processes when it interacts with its environment through an oxidizing
agent [1,2]. In neutral and alkaline environments, the main oxidizing
agent is oxygen [3]. If the medium contains chloride ions, steel corro-
sion is accelerated locally following a localized corrosion mechanism
[3-6]. To prevent this insidious and very devastating form of corrosion,
the use of corrosion inhibitors is generally recommended. The corro-
sion inhibitors commonly used for this purpose are synthetic or natural
organic compounds having mostly heteroatoms (O, N, P or S) and/or
unsaturated rings in their structures [2,7-10]. These electron-rich sites
facilitate their adsorption on the metal surface, generally leading to
the formation of a protective film which reduces the steel corrosion
rate in chloride medium [11,12]. For environmental reasons, synthetic
inhibitors are gradually replaced by renewable and ecologically solu-
tions such as plant extracts.

Plant extracts have already proved to be very effective against steel
corrosion in hydrochloric acid environments, but in neutral and alka-
line media their performances are not very often spectacular [9,11,13-
15]. In fact, they contain organic compounds (flavonoids, tannins and
carbohydrates) with excellent chelating properties towards cations
resulting from steel oxidation (Fe2+ and Fe3+ ions) [15-20]. In neutral
and alkaline media, these properties are generally responsible of a
stimulating effect on the corrosion process thus explaining the low
inhibiting efficiencies frequently observed in these cases [7,21-23].
It has been proved that by combining plant extracts with inorganic
compounds such as zinc salts, the corrosion inhibiting efficiency can
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be significantly improved [9]. The good inhibitive activity is generally
attributed to a synergistic effect between zinc ions and some com-
pounds in the extracts with metal ion chelating abilities (such as
polyphenolic, amino and carbohydrate compounds) leading to very
stable and protective films on the steel surface, which considerably
reduce the corrosion rate [24-3123-30]. Moreover, to the best of our
knowledge, almost no work carried out in the field of steel corrosion
inhibition by plant extract + Zn2+ formulations has focused on the
influence of the zinc ion or the extract concentration on the inhibitive
performance of formulations [24-27,32-37]. It is known that the
behavior (in terms of adsorption, diffusion and reactivity) at the
metal/electrolyte interface of the organometallic species susceptible
to form in the presence of plant extracts + Zn2+ formulations strongly
depends on the concentration of the metal cations and the ligands pre-
sent [18,38]. A systematic electrochemical evaluation of the concen-
tration effect of both the metal cations and the plant extracts can
provide new arguments concerning the mechanistic aspect of steel cor-
rosion inhibition in NaCl medium by plant extract + Zn2+ formula-
tions. In addition, there is still some uncertainty regarding the role
of steel oxidation products (Fe(II) and Fe(III)) and the contribution
of inhibitive compounds in the extracts during the inhibition process,
since some extract inhibitive compounds can chelate Fe(II) and/or Fe
(III) ions forming more stable complexes than with Zn2+ ions [39].
One interesting approach to clarify these issues would be to evaluate
the electrochemical behavior of steel in the presence of formulations
based on Zn2+ and some active inhibitor compounds contained in
the extracts.

Ficus pumila Linn. (FP) is a member of the Moraceae family and
commonly found in tropical areas [40]. It has been reported that the
leaves of this plant are rich in flavonoids, tannins, terpenoids and car-
bohydrate glycosides [41,42]. These different compounds have struc-
tural elements (unsaturated rings, nucleophilic oxygen atoms, etc.)
that can favor the formation of chelates with metal cations [43]. This
property makes FP leaf extracts seriously attractive for the formulation
of plant extract-zinc salt composites used to inhibit steel corrosion in
near-neutral environments. Based on the literature, extracts of this
plant have not yet been used in the field of corrosion inhibition. Their
inhibitive action on steel corrosion in NaCl medium and the possible
synergistic effect with zinc salts therefore deserves to be investigated.

This work presents a double objective. Firstly, through an electro-
chemical approach, it will evaluate the inhibitive activity and the inhi-
bitor concentrations effect of a mixture of zinc salt and Ficus pumila
leaves hydroalcoholic extracts against corrosion of XC38 steel in NaCl
solution. Secondly, a simulation of this inhibitive activity will then be
performed using a mixture of flavonoid (quercetin), phenolic acid (gal-
lic acid) and zinc ions as inhibitive composition. This will allow a bet-
ter understanding of the inhibition mechanism when Zn2+ and plant
extracts formulation are used for corrosion inhibition of carbon steel
in NaCl medium. Electrochemical techniques (polarization curves,
electrochemical impedance spectroscopy at and around the corrosion
potential) and surface characterizations by SEM coupled with EDX
were used to collect useful data needed to achieve these objectives.
2. Experimental

2.1. Material and solutions

The corrosion studies were carried out on a cylindrical sample of
XC38 steel purchased from AcierDetailDecoupe and having the follow-
ing chemical composition (% by mass): 0.36C, 0.40Si, 0.68 Mn, 0.045
S, 0.40 Cr, 0.40 Ni, 0.10 Mo, 0.045P and Fe (balance). For the corro-
sion rate measurements, the side surface of the XC38 steel rod was
coated with polytetrafluoroethylene (PTFE) tape, leaving a free circu-
lar basal working area of 78.5 mm2. To obtain reproducible measure-
ments, this basal surface (working electrode) was abraded on silicon
2

carbide abrasive papers of different grades (500, 1000, 1200 and
2400) from the most to the least abrasive. The corrosive solution
(0.1 M NaCl) was prepared with deionized water and NaCl purchased
from Scharlau. Zinc salt (ZnSO4·7H2O) was purchased from Sigma-
Aldrich. Leaves of Ficus pumila Linn. collected in Yaoundé (Cameroon)
were used to prepare the hydroalcoholic extract. The extraction proce-
dure is described in the Supplementary Information. According to the
literature, the main constituents of this hydroalcoholic extract are fla-
vonoids, tannins and carbohydrate glycosides [40-42]. Solutions con-
taining the plant extract and zinc ions formulations were prepared in
corrosive medium with a mixture of different concentrations of plant
extracts (100, 200 and 400 ppm) and zinc salt (25, 50, 100 and
200 ppm). All other reagents were of high purity and were used as
received without further purification.

2.2. Spectroscopic characterizations of the plant extract and of the plant
extract + Zn2+ mixture

Fourier-transform infrared spectroscopy (FTIR) analyses were car-
ried out on the dry hydroalcoholic extract. The spectra were recorded
on a Bruker Alpha spectrometer, equipped with a DTGS detector in the
range of 4000–400 cm−1 with a resolution of 4 cm−1 during data
acquisition. A Genesis 10S UV-vis spectrophotometer was used to
determine the total polyphenols and flavonoids content in the extract
and to get useful data concerning the interaction between the Ficus
pumila leaves extract and zinc ions. The protocols used for polyphenols
and flavonoids quantification are presented in the Supplementary
Information.

2.3. Electrochemical measurements

The electrochemical experiments were carried out in a thermostat-
ically controlled electrochemical cell maintained at 20 °C, with three
electrodes. The working electrode was an XC38 steel rod prepared
for corrosion studies, a platinum wire with 222.9 mm2 surface area
as auxiliary electrode and a saturated calomel electrode (SCE) as refer-
ence electrode. These electrodes were connected to a Metrohm Auto-
lab PGSTAT Potentiostat/Galvanostat with an impedance module
and controlled by the FRA and the GPES softwares for electrochemical
impedance spectroscopy (EIS) and potentiodynamic measurements,
respectively. Before recording the EIS and the polarization curves,
the working electrode was first immersed in the aggressive solution
for 2 h in the absence and in the presence of controlled amounts of
inhibitor in order to reach an equilibrium state necessary for the other
electrochemical measurements. The polarization curves were recorded
over a potential range of −750 to −100 mV/SCE with a scan rate of
0.5 mV/s. The corrosion current (Icorr) is accurately obtained by com-
puter fitting of the polarization curves around the open circuit poten-
tial (OCP) using the EC-Lab V10.40 software (see Supplementary
Information). The polarization resistance (Rp) was calculated by tak-
ing the reverse of the slope of the current potential curve
at ± 30 mV from the corrosion potential [5]. The inhibition percent-
ages related to the measurement of Icorr and Rp were obtained using
the following formulas:

ηIcorr ¼ ðIcorr 0 � IcorrÞ � 100=Icorr 0 ð1Þ

ηRp ¼ ðRp� Rp0Þ � 100=Rp ð2Þ
where Icorr' and Rp' are the corrosion current and polarization resis-
tance without the inhibitor, respectively; Icorr and Rp are the corrosion
current and polarization resistance in the presence of the inhibitor,
respectively.

The EIS curves were recorded at and around the corrosion potential
(±50 mV) with an amplitude of 10 mV, in the frequency range of 104

Hz to 10−2 Hz [8,12,44,45]. The EIS curves were fitted using the
ZsimpWin 3.21 and the EC-Lab V10.40 softwares to extract the rele-
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vant experimental parameters as charge transfer resistance (Rct), CPE
parameters related to the electrical double layer (ndl and Qdl), film
resistance (Rf) and CPE parameters related to the protective film (nf,
Qf). The quality of the fitting to an equivalent electrical circuit (EEC)
was assessed by the chi-square value [46]. The inhibition percentages
related to the polarization resistance were obtained using the follow-
ing formula:

ηRct ¼ ðRp� Rp0Þ � 100=Rp ð3Þ
Where Rp’ is the polarization resistance without the inhibitor and Rp is
the polarization resistance in the presence of the inhibitor. Rp is the
sum of the resistances due to charge transfer (Rct) and film (Rf) forma-
tion by the inhibitor on the steel surface [47-49].

All the electrochemical manipulations were carried out by tripli-
cate in order to ensure the repeatability of the results.

2.4. Scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) analyses

SEM and EDX analyses were used to study the morphology and the
elemental composition of the XC38 steel surface after 5 h of immersion
in 0.1 M NaCl solutions in the absence and in the presence of the inhi-
bitor at the optimal concentration. SEM and EDX analyses were per-
formed on a HYROX SH-3000 microscope equipped with an EDX-
BRUKER.

3. Results and discussion

3.1. Spectroscopic characterizations of the plant extract and of the plant
extract + Zn2+ mixture

The FTIR spectrum of the hydroalcoholic extract of Ficus pumila
Linn. leaves (HEFP) is presented in Fig. 1a. The relevant peaks at
3270, 2925, 1594, 1389, 1251 and 1042 cm−1 reveal the presence
of OAH, C@C, C@O, CAO and –CH2–OH functions of polyphenolic
compounds and carbohydrates [50-53].

UV-Vis analysis of the HEFP + Zn2+ mixture was carried out in
order to determine the interactions between the extract compounds
and Zn2+ ions. The adsorption spectra (Fig. 1b) of the HEFP and of
the HEFP + Zn2+ mixture show an intense and broad absorption band
between 250 and 300 nm which reflects n–π� electronic transition of
the functional groups (like C@O) of polyphenolics compounds in the
HEFP [18,26,54]. However, the absorption band on the UV-Vis spec-
trum of the HEFP + Zn2+ mixture is less intense than that of the
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Fig. 1. FTIR spectrum of the HEFP and UV–Vis spectra of the 0.1 M NaC
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HEFP. This result reveals the existence of interactions between the
extract compounds and zinc ions, which probably correspond to elec-
tron transfers between heteroatoms such as oxygen and vacant s orbi-
tals of the zinc ions. Indeed, the HEFP contains phenolic compounds
such as flavonoids, tannins and phenolic acids capable of chelating
Zn2+ ions by formation of coordination bonds [55,56]. This reactivity
would therefore justify the decrease in the absorption peak relating to
the n–π� transition in the presence of the mixture.

The contents of polyphenol and total flavonoids in the HEFP after
quantification (see Supplementary Information) are respectively
166,381 mg GAE/g DE (GAE: gallic acid equivalent, DE: dry extract)
and 133.450 mg QE/g DE (QE: quercetin equivalent, DE: dry extract).
This information confirms the results obtained by the FTIR and the UV-
Vis analyses.

3.2. Evaluation of the corrosion inhibitive activity of the plant
extract + Zn2+ mixture

The corrosion inhibitive capacities of the HEFP + Zn2+ mixture
were evaluated by linear polarization, EIS (at and around the corrosion
potential) and surface analyzes. For comparison purposes, the inhibi-
tive capacities of the HEFP and of ZnSO4 will be also briefly presented.

3.2.1. Potentiodynamic linear polarization
The polarization curves obtained in the absence of the inhibitor

(Blank), in the presence of the HEFP, in the presence of Zn2+ and in
the presence of the HEFP + Zn2+ mixture are shown in Fig. 2a–d,
respectively. The electrochemical parameters (corrosion potential
(Ecorr), corrosion current (Icorr), anodic (βa) and cathodic (-βc) Tafel
slopes)) obtained from these curves are presented in Table 1.

The presence of the HEFP causes a slight decrease of the anodic and
the cathodic currents (Fig. 2a), and a low anodic displacement of the
polarization curves relative to the control (Blank). For 100, 200 and
400 ppm of extract, the respective inhibition percentages obtained
are 33.9 %, 39.9 % and 42.4 % with respect to Icorr, and 36.6%,
41.3% and 45.1% with respect to Rp. These low inhibition percentages
reflect a low adsorption on the steel surface of the compounds found in
the extract in these experimental conditions. Indeed, a good corrosion
inhibition of a metal by organic compounds is obtained when the latter
adsorb quantitatively on the metal surface to form a stable and suffi-
ciently protective film [2,22]. The HEFP contains phenolic acid, flavo-
noids and tannins which are known to form slightly soluble and stable
complexes with iron oxidation products (Fe(II) and Fe(III)) [17,18,24].
This reactivity could have a stimulating effect on the corrosion process
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Fig. 2. Polarization curves of XC38 steel in 0,1M NaCl solution in the absence of the inhibitor (Blank), in the presence of the HEFP (a), in the presence of Zn2+ (b)
and in the presence of the HEFP + Zn2+ formulations (c and d).

Table 1
Kinetic parameters obtained from the polarisation curves of XC38 steel in 0,1M NaCl solution in the absence of the inhibitor (blank), in the presence of the HEFP, in the
presence of Zn2+ and in the presence of the HEFP + Zn2+ formulations.

HEFP Concentration (ppm) Zn2+ Concentration (ppm) Ecorr (mV/ECS) Icorr (μA.cm−2) βa (mV/dec) �βc (mV/dec) Rp (Ohm.cm2) ηIcorr (%) ηRp (%)

0 0 −508 ± 4 24.3 ± 1.9 99.7 ± 31. 404.7 1117 ± 107 – –

25 −452 ± 4 19.5 ± 0.5 81.4 ± 1.2 463.3 ± 7.1 1421 ± 12 19.8 ± 1.6 21.4 ± 0.7
50 −547 ± 13 23.5 ± 1.0 105.1 ± 8.4 479.3 ± 25.9 1191 ± 45 3.3 ± 4.1 6.2 ± 3.4
100 −590 ± 8 25.8 ± 0.8 96.0 ± 9.6 350.0 ± 17.2 876 ± 16 – –

200 −615 ± 16 30.9 ± 1.3 95.5 ± 4.2 311.6 ± 21.0 659 ± 49 – –

100 0 −460 ± 18 16.1 ± 1.2 92.4 ± 2.2 498.8 ± 16.2 1763 ± 98 33.9 ± 4.8 36.6 ± 3.4
25 −505 ± 12 6.3 ± 0.3 99.1 ± 1.0 310.3 ± 4.8 4445 ± 77 74.0 ± 1.2 74.5 ± 0.8
50 −568 ± 5 6.3 ± 0.1 127.3 ± 0.6 270.3 ± 8.5 4358 ± 82 74.0 ± 0.3 74.4 ± 0.4
100 −500 ± 10 5.9 ± 0.1 105.0 ± 0.4 345.0 ± 10.1 4940 ± 43 75.7 ± 0.4 77.4 ± 0.2
200 −503 ± 8 7.0 ± 0.5 90.9 ± 1.7 409.5 ± 18.1 3520 ± 105 71.2 ± 2.1 68.3 ± 0.9

200 0 −456 ± 4 14.6 ± 0.3 85.4 ± 0.1 425.4 ± 5.9 1903 ± 79 39.9 ± 1.3 41.3 ± 4.2
25 −490 ± 4 5.7 ± 0.2 97.6 ± 2.9 309.9 ± 11.0 5347 ± 55 76.5 ± 0.9 79.1 ± 0.2
50 −491 ± 16 2.1 ± 0.1 96.5 ± 3.7 344.8 ± 15.8 11906 ± 173 91.3 ± 0.5 90.6 ± 0.4
100 −505 ± 3 2.7 ± 0.1 94.5 ± 1.8 307.3 ± 20.9 8062 ± 106 88.9 ± 0.5 86.1 ± 0.2
200 −513 ± 7 5.0 ± 0.2 120.1 ± 1.3 455.0 ± 14.3 6169 ± 88 79.4 ± 0.8 81.9 ± 2.8

400 0 −478 ± 6 14.0 ± 0.6 91.4 ± 0.5 456.4 ± 5.2 2033 ± 65 42.4 ± 2.5 45.1 ± 1.7
25 −509 ± 11 13.3 ± 0.4 111.0 ± 4.2 316.4 ± 17.3 2174 ± 51 45.3 ± 1.7 48.6 ± 1.2
50 −560 ± 4 3.1 ± 0.2 95.1 ± 2.3 285.5 ± 8.3 7746 ± 74 87.4 ± 0.7 85.6 ± 1.8
100 −542 ± 7 3.4 ± 0.2 94.7 ± 2.0 327.7 ± 10.4 7546 ± 71 86.0 ± 0.8 85.2 ± 0.1
200 −550 ± 5 3.3 ± 0.1 101.7 ± 1.9 358.4 ± 5.7 7743 ± 76 86.4 ± 0.2 85.6 ± 0.1
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and would also justify the low inhibition percentage obtained in the
presence of the HEFP alone, since these complexes would not form
near the steel surface [7,21,22].

In the presence of Zn2+ used as the sole inhibitor (Fig. 2b), the
decrease of the anodic and the cathodic currents are not really notice-
able for all the tested concentrations (25, 50, 100 and 200 ppm). The
obtained inhibition percentages show that Zn2+ is a very poor corro-
sion inhibitor when used in these conditions. A cathodic shift of the
corrosion potential is recorded for all the tested concentrations of
Zn2+ except in the presence of 25 ppm. This reflects a very strong
effect of the zinc ions on the cathodic reaction mechanism of corro-
sion. Zinc ions are actually recognized as cathodic inhibitors [53].
When the local pH is favorable, they have the possibility to form a
Zn(OH)2 deposit by reaction with OH– ions produced during the reduc-
tion of dissolved oxygen on the steel surface [24,25,27,36]. However,
the formation of this deposit, which only occurs at the cathodic sites of
the corrosion process, does not reduce the overall corrosion rate for
the Zn2+ ion concentrations tested. A similar observation has been
reported [33].

The influence of Zn2+ on the corrosion inhibitive activity of the
HEFP is presented in Fig. 2c and d. In Fig. 2c, the effect of a fixed
Zn2+ concentration (50 ppm) associated with different extract concen-
trations was presented in order to highlight the influence of the extract
concentration on the inhibitive activity of the HEFP + Zn2+ formula-
tions. Fig. 2d shows the polarization curves obtained for an extract
concentration of 200 ppm associated with different Zn2+ concentra-
tions; this was done in order to determine the influence of Zn2+ con-
centration on the inhibitive capacity of the HEFP + Zn2+ mixture.

The presence of zinc ions significantly improves the corrosion inhi-
bitive performance of the HEFP (Fig. 2c and d). An important decrease
of the cathodic and the anodic currents coupled to a low shift of cor-
rosion potential (less than 85 mV/SCE when compared to the Blank)
are observed in the presence of the HEFP + Zn2+ mixture. This sug-
gests the existence of a mixed inhibitor character of this formulation
and the formation of a protective film on the steel surface [8,24,31].
A rapid increase of the current with the potential is visible on the ano-
dic branches between −0.35 and −0.25 V/SCE. This behavior is
related to a destruction of the protective film by relaxation of the
adsorbed compounds on steel surface [57]. The desorption phe-
nomenon was not noticeable when the extract was used alone
(Fig. 2a), showing that the zinc ions promote a quantitative adsorption
of the HEFP inhibitive compounds [9].

The formulations consisting of 200 ppm HEFP + 50 ppm Zn2+ and
200 ppm HEFP + 100 ppm Zn2+ give rise to the highest current drops
(91.3 and 88.9% respectively with respect to Icorr). For extract con-
centrations below or above 200 ppm, the inhibition percentages are
lower than 91.3 %. Actually, some of the HEFP compounds such as
polyphenolic species and carbohydrates have the ability to chelated
zinc ions [19]. When the extract concentration necessary to fix the
amount of Zn2+ present in solution is not reached or is largely
exceeded, the synergistic mechanism is no longer optimal. This means
that the complexes formed between the compounds present in the
extract and the zinc ions are responsible for the synergistic effect
observed in the presence of the HEFP + Zn2+ formulations. A slightly
variation of the anodic Tafel slopes (βa) is observed in the presence of
the HEFP + Zn2+ mixture compared to the value obtained in the
absence of the inhibitor (99.7 mV/decade). On the other hand, the
cathodic Tafel slopes (-βc) decrease considerably in the presence of
the HEFP + Zn2+ compared to the control. This double observation
would reflect the fact that the synergy of action between the com-
pounds in the HEFP and Zn2+ ions would have a very marked effect
on the cathodic reaction [48].

3.2.2. Electrochemical impedance spectroscopy
The Nyquist and the Bode diagrams of the XC38 steel in the

absence and in the presence of the HEFP are shown in Fig. 3a and b,
5

respectively. The Bode phase diagram in the absence of HEFP shows
a single time constant with a phase angle less than 50° (44.6°), in line
with the presence of a flattened capacitive loop observed on the corre-
spondent Nyquist diagram. This observation confirms the formation of
a porous and non-uniformly distributed layer on the steel surface by
corrosion products [58]. In the presence of the HEFP, two time con-
stants are visible on the Bode diagrams, one at high frequency
(110 Hz) not very well defined and characteristic of the relaxation pro-
cess of the film formed on the metal surface, and the other at low fre-
quency (54.3 mHz) assigned to the electrical double layer [22,57,59].
The fact that these two time constants are not very close in terms of
frequency would probably mean that the film formed does not adhere
well to the metal surface. In addition, the poor phase angles of these
two time constants (lower than 50°) reflects the fact that the film
formed under these conditions is not sufficiently protective [58].
Two equivalent electrical circuits (EECs) were used to obtain the elec-
trochemical parameters from the Nyquist curves and they show a very
good fitting of the experimental data (chi-square of the order of 10−4).
The first EEC (Fig. 4a) contains a single time constant and the second
(Fig. 4b) has two time constants, in line with the Bode phase diagrams.
The electrochemical data (charge transfer resistance (Rct), the constant
phase element (CPE) parameters related to the electric double layer
(ndl and Qdl), the film resistance (Rf) and the CPE parameters related
to the film (nf, Qf)) obtained from these EIS analyses are presented
in Table 2. A slight increase in Rct is observed in the presence of the
HEFP when compared to the Blank. Low inhibition percentages of
45.8, 49.9 and 56.7 % are obtained in the presence of 100, 200 and
400 ppm of HEFP, respectively, thus confirming the poor inhibitive
character of the HEFP.

The Nyquist and the Bode curves of the XC38 steel in the presence
of the HEFP + Zn2+ mixture are shown in Fig. 5a–d. Nyquist diagrams
show flattened capacitive loops whose diameters increase consider-
ably when the HEFP and Zn2+ mixture is present (Fig. 5a and b).
The distorted shape present at the high frequency part of these dia-
grams can be attributed to the formation of a protective layer on the
metal surface [34,60]. Indeed, an immersion time of 2 h would not
be sufficient to show the occurrence of a clear loop in the high-fre-
quency domain. The evolution of the capacitive loop diameters reflects
the improvement of the steel resistance against corrosion in the pres-
ence of the formulation, which can be confirmed on the Bode diagram
by the significant increase of the impedance modulus at low frequency
compared to the control [48]. The largest diameters and characteristic
phase angles (above 50°) observed for the formulations 200 ppm
HEFP + 50 ppm Zn2+ and 200 ppm HEFP + 100 ppm Zn2+ confirm
a greater reduction of the corrosion rate under these conditions
(Fig. 5b and d) [24,34,58]. This information is in agreement with
the results obtained from the polarization curves.

In the presence of the mixture, except for the 200 ppm
HEFP+ 25 ppm Zn2+, a broader peak is visible on the Bode phase dia-
grams. This peak is probably a combination of two time constants, one
assignable to the double layer and the other to the protective film
formed at high frequencies domain [24,59]. The proximity in terms
of frequency of these two time constants probably means that the pro-
tective film formed in the presence of the HEFP + Zn2+ mixture
adheres well to the steel surface, which is not the case when the HEFP
is used as the sole inhibitor.

In the presence of 200 ppm HEFP + 25 ppm Zn2+, two time con-
stants are clearly visible on the corresponding Bode phase diagram.
This observation is quite understandable. In view of the small amount
of Zn2+ added, some organic compounds likely to chelate zinc ions are
free. Poorly soluble compounds would then be formed between the
excess of organic compounds and the metal cations from the iron oxi-
dation. Since this complexation does not take place near to the metal
surface, the resulting deposit will not adhere to the steel surface and
therefore there will be no protection [21]. This justifies the small
increase in the loop diameter observed in this case compared to the
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Fig. 3. Nyquist (a) and Bode (b) curves for the XC38 steel in 0.1 M NaCl solution in the presence and in the absence of HEFP.
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Table 2
Electrochemical parameters of the XC38 steel in 0,1M NaCl solution in the absence and in the presence of the HEFP.

Concentration Rct (Ohm.cm2) ndl Qdl × 10−3 (Ω– 1.cm− 2.
sndl)

Rf (Ohm.
cm2)

nf Qdl × 10−3 (Ω−1.cm−2.
snf)

Rp (Ohm.cm2) ηRp (%)

Blank 951.9 ± 60.1 0.676 ± 0.014 1.476 ± 0.059 – – – 951.9 ± 60.1 –

100 ppm
HEFP

1751.0 ± 38.8 0.637 ± 0.005 2.909 ± 0.018 5,7 ± 1.6 0.550 ± 0.025 3.906 ± 0.078 1756.7 ± 40.4 45.8 ± 2.0

200 ppm
HEFP

1878.0 ± 52.4 0.819 ± 0.007 4.661 ± 0.049 23.1 ± 2.3 0.546 ± 0.038 3.224 ± 0.709 1901.1 ± 54.7 49.9 ± 1.4

400 ppm
HEFP

2186.0 ± 126.8 0.723 ± 0.119 5.518 ± 1.931 12.1 ± 1.9 0.641 ± 0.028 4.490 ± 0.243 2198.1 ± 128.4 56.7 ± 2.4
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other formulations [7]. The presence of Zn2+ would therefore allow
the diffusion and adsorption of a significant amount of the compounds
present in the extract onto the steel surface. The EECs used to fit the
metal/electrolyte interface in the presence of the HEFP + Zn2+ mix-
ture are presented as insets in Fig. 5a and b. These EECs were selected
in line with the Bode phase diagram obtained in NaCl solution and
they shows a good fitting of the experimental data (chi-square of the
order of 10−5 and 10−4) [32,34,36,58]. The electrochemical data
(charge transfer resistance (Rct), the CPE parameters related to the
electrical double layer (ndl and Qdl), the film resistance (Rf) and the
CPE parameters related to the protective film (nf, Qf)) obtained from
these EIS analyses are presented in Table 3. In comparison with the
parameters obtained in the absence of the inhibitor, a significant
increase of Rct and a decrease of Qdl are observed in the presence of
the mixture, except in the presence of 200 ppm HEFP + 25 ppm
Zn2+ and 400 ppm HEFP + 25 ppm Zn2+ formulations, where an
increase of the Qdl value is observed. The decrease of Qdl reflects a low-
ering of local electricity at the metal/electrolyte interface due to the
reduction of the corrosion rate by the protective layer formed on the
steel surface [11]. This protective layer, which results from the syner-
gistic action between Zn2+ ions and some compounds in the extract,
6

blocks the steel oxidation sites and prevents the oxidizing agent from
reaching the metal surface directly [26]. However, according to the
low values of the homogeneity parameters n (ndl and nf) presented
in Table 3, this layer is not uniformly distributed on the steel surface
and then do not offered a perfect protection toward corrosion process.
Such an observation may also justify the not very high values of the
inhibition percentages obtained in the presence of the mixture.

In view of the different electrochemical results obtained, appropri-
ate concentrations of extract and zinc ions are necessary to have an
optimal synergistic effect. For all the extract concentrations tested
(100, 200 and 400 ppm), the most effective one in the formulation
is 200 ppm.

3.2.3. Electrochemical impedance spectroscopy around the corrosion
potential

In order to provide more arguments to elucidate the inhibition
mechanism of the HEFP + Zn2+ mixture, EIS analyses around the cor-
rosion potential in the absence and in the presence of 200 ppm
HEFP + 100 ppm Zn2+ were performed. These analyses should help
to determine which reaction (anodic or cathodic) controls the faradic
impedance response of the electrochemical system (ZF). At corrosion
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Fig. 5. Nyquist (a and b) and Bode (c and d) curves for the XC38 steel in 0,1M NaCl solution in the absence and in the presence of the HEFP + Zn2+ mixture.

Table 3
Electrochemical impedance parameters of the XC38 steel in 0.1 M NaCl solution in the absence and in the presence of HEFP.

HEFP
Concentration
(ppm)

Zn2+

Concentration
(ppm)

Rct (Ohm.cm2) ndl Qdl × 10−3

(Ω– 1.cm− 2.
sndl)

Rf (Ohm.cm2) nf Qf × 10−3

(Ω−1.cm−2.snf)
Rp (Ohm.cm2) ηRct (%)

0 0 951.9 ± 60.1 0.676 ± 0.014 1.476 ± 0.059 – – – 951.9 ± 60.1 –

100 25 2462.0 ± 72.7 0.526 ± 0.003 0.799 ± 0.020 1608.0 ± 67.5 0.406 ± 0.003 2.087 ± 0.240 4549.0 ± 140.2 79.1 ± 0.6
50 3068.0 ± 31.8 0.625 ± 0.032 0.234 ± 0.002 1415.0 ± 16.2 0.509 ± 0.003 3.074 ± 0.040 4483.0 ± 48 78.8 ± 0.2
100 4709.0 ± 39.1 0.655 ± 0.004 0.268 ± 0.002 99.9 ± 26.5 0.325 ± 0.071 0.260 ± 0.086 4808.9 ± 58.3 80.2 ± 0.2
200 4044.0 ± 81.8 0.619 ± 0.117 0.197 ± 0.085 39.5 ± 5.4 0.638 ± 0.078 0.073 ± 0.014 4083.5 ± 39.1 76.7 ± 0.2

200 25 4516.0 ± 388.8 0.605 ± 0.018 2.384 ± 0.083 267.6 ± 18.8 0.592 ± 0.008 0.565 ± 0.019 4783.6 ± 407.66 80.1 ± 1.6
50 10970.0 ± 121.2 0.679 ± 0.033 0.181 ± 0.060 37.2 ± 16.5 0.700 ± 0.192 0.032 ± 0.009 11007.2 ± 137.7 91.4 ± 0.1
100 9092.0 ± 91.9 0.785 ± 0.004 0.211 ± 0.002 1192.0 ± 13.3 0.392 ± 0.002 0.918 ± 0.009 10284.0 ± 105.2 90.7 ± 0.1
200 7333.0 ± 59.0 0.727 ± 0.041 0.115 ± 0.055 33.3 ± 14.5 0.733 ± 0.152 0.036 ± 0.011 7366.3 ± 73.5 87.1 ± 0.1

400 25 1655.0 ± 47.8 0.662 ± 0.010 4.300 ± 0.102 266.2 ± 7.0 0.586 ± 0.003 0.738 ± 0.009 1921.2 ± 54.8 50.5 ± 1.3
50 8414.0 ± 161.0 0.807 ± 0.017 0.106 ± 0.016 31.7 ± 2.6 0.571 ± 0.011 0.215 ± 0.016 8445.7 ± 163.6 88.7 ± 0.2
100 8045.0 ± 82.8 0.678 ± 0.030 0.096 ± 0.031 58.4 ± 16.9 0.645 ± 0.026 0.106 ± 0.032 8103.4 ± 99.7 88.3 ± 0.1
200 8361.0 ± 63.3 0.657 ± 0.004 0.186 ± 0.001 60.2 ± 3.0 0.662 ± 0.025 0.056 ± 0.011 8421.2 ± 66.3 88.7 ± 0.1
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potential, ZF is the component of an anodic impedance (Za) and a
cathodic impedance (Zc) connected in parallel [61]. The impedance
response obtained at Ecorr – 50 mV is mainly due to the cathodic
impedance describing the kinetics of the reduction reaction of oxidiz-
ing agent, and the impedance response obtained at Ecorr + 50 mV is
due to the anodic impedance reflected by the kinetics of steel oxida-
tion reaction. Fig. 6 show the results obtained from these analyzes in
term of Nyquist and Bode diagrams. The electrochemical parameters
obtained from these Nyquist curves are presented in Table 4. The EECs
used to model the metal/electrolyte interface are presented as insets in
Fig. 6a and b. In the absence of inhibitor at Ecorr − 50 mV a diffusion
7

process is perceptible at low frequency on the Nyquist curve. The EEC
used to fit the EIS data obtained in this case content a diffusion-related
Warburg impedance (W).

In the absence and in the presence of HEFP + Zn2+ mixture, the
polarization resistance Rp, increase continuously with the potential
(Rp (Ecorr + 50 mV) < Rp (Ecorr) < Rp (Ecorr + 50 mV)) meaning
that Za ≪ Zc. The impedance response of the system is therefore mainly
anodic (i.e. ZF = Za) under these experimental conditions.

The electrochemical data (charge transfer resistance (Rct), the CPE
parameters related to the electrical double layer (ndl and Qdl), the film
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resistance (Rf) and the CPE parameters related to the protective film
(nf, Qf)) obtained from these EIS analyses are presented in Table 4.

The inhibition percentages obtained at Ecorr and Ecorr + 50 mV in
relation to Rp are very close (90.7% and 90.5% respectively) and are
higher than the percentage obtained at Ecorr− 50 mV in the presence
of 200 ppm HEFP + 100 ppm Zn2+. At Ecorr + 50 mV, the steel oxi-
dation reaction is favored and oxidation products are formed much fas-
ter. The equality of the inhibitory efficiencies at Ecorr and
Ecorr + 50 mV further reflects the fact that the Fe(II) and Fe(III) ions
produced during the steel oxidation participate in the synergistic
mechanism between the organic compounds and the zinc ions. Their
contributions should therefore be considered when elaborating the
inhibition mechanism of the HEFP + Zn2+ formulations.

3.2.4. Surface analysis by SEM/EDX
SEM and EDX mapping images of the XC38 steel samples in 0.1 M

NaCl solution after 5 h of immersion in the absence of the inhibitor, in
the presence of 200 ppm HEFP and 200 ppm HEFP + 100 ppm Zn2+

are presented in Fig. 7a–c, respectively. In Fig. 7a (control), degrada-
tion areas are visible on the metal surface with pitting corrosion sites
probably caused by chloride ions [6,22]. It is known that aggressive
anions, such as chloride, cause the breakdown of passive oxide layers
present on the metal surface. The corrosion rate is usually high at these
points compared to the rest of the steel surface. The EDX mapping of a
steel surface in absence of the inhibitor (Fig. 7a) shows an important
amount of oxygen on the surface, not uniformly distributed and attri-
butable to the oxide layer formed. Due to its porosity, this layer offers
poor protection, thus justifying the low corrosion resistance of XC38
steel in the absence of an inhibitor obtained during the electrochemi-
8

cal measurements. Indeed, the uncovered zones of the surface are pref-
erential attack zones for aggressive agents.

Fig. 7b shows the topography of an area of the XC38 steel surface in
the presence of 200 ppm HEFP. Localized corrosion sites are also vis-
ible as proof of a preferential adsorption of chloride ions on steel sur-
face compared to the compounds present in the extract [5]. In contrast
with the first case analyzed, a low oxygen content is observed on the
EDX mapping of the steel surface. This probably means that the pres-
ence of the extract alone prevents the formation of an oxide layer,
probably because of the complexing character of its compounds, which
would bind the metal cations (Fe(II) and Fe(III)) to form organometal-
lic complexes. These complexes are not very soluble but only weakly
bound to the steel surface [21]. In addition, a low proportion of Car-
bon element on the steel surface can be seen on the EDX spectrum
in the presence of 200 ppm of HEFP (Fig. 7b). This information con-
firms the results obtained by linear polarization in the presence of
the extract alone, in which a very low adsorption of inhibitive com-
pounds was observed.

In the presence of 200 ppm HEFP + 100 ppm Zn2+ (Fig. 7c), the
localized corrosion sites are almost non-existent on the steel surface,
thus reflecting an inhibition of the pitting corrosion phenomenon fol-
lowing the synergistic action of the organic compounds and the Zn2+

ions. This pitting inhibition may be achieve by: (i) improving the pro-
tective nature of the film by changing its composition and structure;
(ii) reducing the imperfections in the film; and (iii) reducing the extent
of anion adsorption on the film by competitive adsorption between
chloride ions and organometallic compounds [2]. The elemental map-
ping and EDX spectrum obtained in the presence of the HEFP + Zn2+

formulation reveals that Oxygen element is better distributed on the
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analyzed steel surface than in the two previous situations (Blank and
200 ppm HEFP). This result means that the HEFP + Zn2+ mixture
leads to the formation of a protective layer on the steel surface proba-
bly consisting of oxide layers and adsorbed organometallic com-
pounds. The pitting corrosion inhibition mechanism (i) and (ii) are
then possible in this experimental condition. The presence of Carbon
element on the EDX spectrum in a higher proportion (relative to Iron
element) than those obtained in the absence of inhibitor and in the
presence of 200 ppm of HEFP also confirms these possibilities. Zinc-
covered areas are also highlighted on the elemental maps shown in
Fig. 7c. This zinc layer correspond to zinc oxy-hydroxides formed pref-
erentially at cathodic sites by reaction between Zn2+ ions and OH–

ions [24,26].
In view of the results obtained from these surface analyses, the

presence of Zn2+ ions would therefore facilitate the diffusion and
quantitative adsorption of the organic compounds on the metal sur-
face, thus justifying the good inhibitive efficiency observed in the pres-
ence of HEFP + Zn2+ formulations.
4. Mechanism of corrosion inhibition by the plant extract + Zn2+

formulation: Simulation of the synergistic effect

The synergistic effect mechanism between the HEFP and the zinc
ions has been proposed based on the experimental results described
above. In order to facilitate the mechanism presentation, the corrosion
process of steel in NaCl medium should be recalled. When the steel is
immersed in an aerated NaCl solution in the absence of an inhibitor,
there are two principal reactions which control the anodic and the
cathodic response in terms of the faradic current. The cathodic reac-
tion is mainly the reduction of dissolved oxygen (4) and the anodic
reaction is the oxidation of Fe(0) to ferrous ions (5). Ferrous ions in
solution can oxidize to ferric ions (6) [62,63].

O2 þ 2H2Oþ 4e� $ 4OH� ð4Þ
Fe $ Fe2þ þ 2e� ð5Þ
Fe2þ $ Fe3þ þ e� ð6Þ
According to the electrochemical results described above, the inhi-

bitive activity observed between the HEFP and Zn2+ ions is mainly
due to the reactivity at the interface of organometallic complexes
formed between Zn2+ and some compounds present in the extract.
This is in line with some reports described in the literature
[25,26,32-36]. However, the contribution of steel oxidation products
(Fe(II) and Fe(III) ions) should be considered in the synergistic pro-
cess, since these ions are present at the metal-electrolyte interface
and some extract inhibitive compounds (as polyphenols) can chelate
them forming more stable complexes than with Zn2+ ions
[32,37,39]. A concerted mechanism between the zinc ions, the steel
oxidation products and the extract compounds able to chelate Iron
(II) and Iron(III) is then possible and would justify the inhibitive effi-
ciency observed in the presence of the HEFP + Zn2+ formulations.
One interesting approach to clarify this issue is to evaluate the electro-
chemical behavior of steel in the presence of formulations based on
Zn2+ and some active inhibitor compounds contained in the extracts.

Phytochemical tests revealed the presence of phenolic compounds
and flavonoids in the extract. It is known that flavonoids with a keto
group and an adjacent hydroxyl group bonded to carbons in the 3–4
or 4–5 positions form stable complexes with Fe(II), while compounds
with catechol and galloyl groups (such as phenolic acids) form very
stable complexes with Fe(III). An electrochemical evaluation of the
corrosion inhibitive efficiency of a mixture of flavonoid (quercetin),
phenolic acid (gallic acid) and zinc ions would allow to validate the
concerted mechanism proposed. Quercetin will serve as the main
Iron(II) chelating agent and gallic acid as the Iron(III) chelating agent.



Fig. 7. SEM/EDX mapping of the XC38 steel surface in 0,1M NaCl solution without the inhibitor (a), and in the presence of 200 ppm HEFP (b) and 200 ppm
HEFP + 100 ppm Zn2+ (c).
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The chemical structures of quercetin and gallic acid are presented in
Supplementary Information. The flavonoid concentrations used
(25 ppm and 50 ppm) are close to that evaluated in the plant extract
(26.7 ppm of total flavonoids for 200 ppm of extract) in order to repro-
duce the conditions of the inhibitive behavior observed with the
HEFP + Zn2+ formulation. The polarization and Nyquist curves of
the XC38 steel obtained in the presence of quercetin (Querc), gallic
acid (GA), Querc + GA and Querc + GA + Zn2+ formulations are
shown in Fig. 8.

For these experiments, the electrolytic solution (0.1 M NaCl) was
adjusted to pH 10 with a few drops of a molar solution of NaOH in
order to solubilize quercetin. For comparison, the results obtained
with the 200 ppm HEFP + 100 ppm Zn2+ formulation are also pre-
sented. The electrochemical parameters obtained from the polariza-
tion and Nyquist curves are presented in Tables 5 and 6, respectively.

Used as the sole inhibitor, GA and Querc are not effective against
corrosion of the XC38 steel in NaCl solution, as shown in Fig. 8a and
b. However, in the presence of a mixture of GA and Querc, the corre-
sponding polarization and EIS curves show a very slight decrease of
the anodic current and a small increase in the diameter of the Nyquist
loop compared to the control (Blank). In addition, the shapes of these
curves are very similar to those obtained when the plant extract was
used as the only inhibitor (Fig. 3). This result probably means that,
under these conditions, the Querc + GA mixture acts through the
same mechanism as the extract, i.e. by the formation of poorly soluble
organometallic compounds that do not perfectly adhere to the metal
surface.

In the presence of the Querc + GA+ Zn2+ formulations, the polar-
ization curves (Fig. 8c and 8e) show a similar trend to that observed in
the presence of 200 ppm HEFP + 100 ppm Zn2+ (Fig. 8c). Smaller
cathodic and anodic currents are recorded in both cases and a desorp-
tion phenomenon is observed on the anodic branches between −0.35
and−0.25 V/ECS. In comparison with the results obtained in the pres-
ence of GA + Zn2+ and of Querc + Zn2+, the inhibition percentages
(related to Icorr and to Rp) increase considerably when the
Querc + GA + Zn2+ formulation is used. This proves that the amount
10
of organic compounds adsorbed on the steel surface in the latter case is
more important and the film formed is therefore more protective. The
Nyquist diagrams obtained (Fig. 8d and f) confirm these results. A con-
siderable increase of the capacitive loop diameter is observed in the
presence of the Querc + GA + Zn2+ formulations showing a much
higher steel corrosion resistance in this case compare to the results
obtained in the presence of GA + Zn2+ and of Querc + Zn2+. These
observations prove that by combining quercetin and gallic acid in the
presence of Zn(II) ions, the inhibitive activity of the formulation is con-
siderably improved. Knowing that quercetin is an Iron(II) chelating
agent and gallic acid has a good affinity with Iron(III), the synergistic
mechanism proposed above, is therefore possible. This inhibition
mechanism, as described in Fig. 9, suggests a concerted action between
quercetin, gallic acid, steel oxidation products (Fe2+ and Fe3+) and
zinc ions when using the Querc + GA + Zn2+ formulations for corro-
sion inhibition of the XC38 steel in 0.1 M NaCl solution. The result of
this concerted action is the formation on the steel surface of a protec-
tive layer composed of corrosion products, Zn(OH)2 and adsorbed
organometallic complexes. The low values of the homogeneity param-
eters ndl and nf (Table 6) prove that this layer is not uniformly dis-
tributed on the steel surface, which could also justify the fact that
the inhibition percentages are not very high.

Further analysis of Table 6 reveals that, some of the electrochemi-
cal parameters (as tafel slopes βa and �βc, and CPE parameters related
to the double layer) and the inhibition percentages obtained in the
presence of the Querc + GA + Zn2+ formulations are not far from
those obtained in the presence of 200 ppm HEFP + 100 ppm Zn2+.
Such results suggest a possible mechanistic similarity between the
inhibitive activities of the Querc + GA + Zn2+ mixture and the
HEFP + Zn2+ formulation when used as steel corrosion inhibitors in
NaCl medium. According to Fig. 9, the inhibition mechanism proposed
for the HEFP + Zn2+ formulations can now be described in four steps:
(i) Quantitative diffusion of organometallic complexes to the steel sur-
face, due to their high solubility ; (ii) Substitution of chelated Zinc(II)
ions by Fe(II) or Fe(III) ions present at the metal/electrolyte interface,
due to the stability criteria [32,37,39] ; (iii) Adsorption of new com-
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Querc + GA + Zn2+ and HEFP + Zn2+.
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Table 5
Kinetic parameters obtained from polarization curves of the XC38 steel in 0.1 M NaCl solution in the absence and in the presence of inhibitor formulations.

Concentration Ecorr (mV/ECS) Icorr (μA.cm−2) βa (mV/dec) -βc (mV/dec) Rp (Ohm.cm2) ηIcorr (%) ηRp (%)

Blank −524 ± 9 32.3 ± 1.4 108.4 ± 2.2 454.7 ± 26.9 923 ± 77 – –

12.5 ppm GA −557 ± 6 34.2 ± 0.8 111.1 ± 7.4 515.6 ± 25.3 831 ± 38 – –

25 ppm Querc −570 ± 14 34.4 ± 3.9 107.3 ± 15.2 443.7 ± 79.8 827 ± 156 – –

25 ppm Querc + 12.5 ppm GA −456 ± 11 18.8 ± 0.7 87.4 ± 3.6 458.8 ± 15.4 1563 ± 53 41.8 ± 2.2 40.9 ± 2.0
25 ppm Querc + 100 ppm Zn2+ −568 ± 2 16.5 ± 0.6 110.0 ± 8.3 458.4 ± 3.4 1601 ± 137 48.9 ± 1.8 42.3 ± 4.6
12.5 ppm GA + 100 ppm Zn2+ −584 ± 16 14.3 ± 0.5 129.8 ± 10.6 300.9 ± 47.3 2054 ± 271 55.7 ± 1.6 55.1 ± 4.6
25 ppm GA + 100 ppm Zn2+ −625 ± 17 19.4 ± 1.2 143.1 ± 5.7 268.1 ± 15.4 1408 ± 94 39.9 ± 3.7 34.4 ± 4.1
50 ppm Querc + 100 ppm Zn2+ −583 ± 10 34.0 ± 1.1 144.2 ± 6.2 330.8 ± 12.4 793 ± 25 – –

25 ppm Querc + 100ppmZn2+ + 12.5 ppm GA −536 ± 8 6.3 ± 0.5 107.7 ± 2.3 290.0 ± 34.4 6014 ± 41 77.4 ± 4.6 76.9 ± 7.9
50 ppm Querc + 100 ppm Zn2+ + 25 ppm GA −478 ± 1 6.9 ± 0.7 104.1 ± 12.4 547.3 ± 41.8 3166 ± 186 75.9 ± 4.9 70.8 ± 1.7
200 ppm HEFP + 100 ppm Zn2+ −475 ± 8 3.6 ± 0.2 101.0 ± 8.9 284.3 ± 17.3 8844 ± 66 88.9 ± 0.6 89.6 ± 0.1

Table 6
Electrochemical impedance parameters obtained from Nyquist curves of the XC38 steel in 0.1 M NaCl solution in the absence and in the presence of inhibitor
formulations.

Concentration Rct (Ohm.cm2) ndl Qdl ×10−3 (Ω– 1.
cm− 2.sndl)

Rf (Ohm.cm2) nf Qf × 10−3

(Ω−1.cm−2.snf)
Rp (Ohm.cm2) ηRp (%)

Blank 796.3 ± 7.8 0.725 ± 0.004 1.076 ± 0.013 – – – 796.3 ± 7.8 –

12.5 ppm GA 709.4 ± 32.5 0.701 ± 0.005 1.331 ± 0.06 113.8 ± 35.3 0.921 ± 0.071 0.189 ± 0.06 823.2 ± 67.8 –

25 ppm Querc 661.8 ± 40.2 0.695 ± 0.012 1.511 ± 0.146 113.2 ± 44.6 0.792 ± 0.070 0.404 ± 0.142 775.0 ± 84.8 –

25 ppm Querc + 12.5 ppm
GA

1510.0 ± 105.9 0.849 ± 0.030 6.159 ± 0.069 23.5 ± 3.6 0.677 ± 0.049 2.097 ± 0.638 1533.5 ± 102.3 48.1 ± 3.2

25 ppm Querc + 100 ppm
Zn2+

2122.0 ± 33.9 0.630 ± 0.023 0.260 ± 0.066 39.3 ± 19.6 0.660 ± 0.530 0.026 ± 0.019 2161.3 ± 53.5 63.2 ± 0.8

12.5 ppm GA + 100 ppm
Zn2+

1802.0 ± 113.0 0.535 ± 0.062 0.625 ± 0.191 492.6 ± 75.4 0.511 ± 0.030 0.757 ± 0.258 2294.6 ± 188.4 65.3 ± 2.6

25 ppm GA+ 100 ppm Zn2+ 1399.0 ± 68.0 0.513 ± 0.011 0.724 ± 0.142 238.0 ± 87.1 0.793 ± 0.057 0.733 ± 0.078 1637.0 ± 155.1 51.4 ± 4.2
50 ppm Querc + 100 ppm

Zn2+
532.9 ± 27.9 0.592 ± 0.006 0.282 ± 0.033 246.1 ± 28.9 0.749 ± 0.016 1.033 ± 0.034 779.0 ± 56.8 –

25ppmQuerc + 100 ppm
Zn2+ + 12.5 ppm GA

5365.0 ± 39.0 0.692 ± 0.003 0.218 ± 0.048 66.2 ± 8.3 0.506 ± 0.025 0.614 ± 0.117 5431.2 ± 47.3 85.3 ± 0.2

50 ppm Querc + 100 ppm
Zn2+ +25 ppm GA

4703.0 ± 75.3 0.721 ± 0.140 0.213 ± 0.007 11.2 ± 0.8 0.747 ± 0.003 0.061 ± 0.005 4714.2 ± 76.1 83.1 ± 0.3

200 ppm HEFP + 100 ppm
Zn2+

6695 ± 630 0.756 ± 0.040 0.294 ± 0.091 853.3 ± 337.6 0.546 ± 0.073 0.920 ± 0.211 7548.3 ± 967.6 89.5 ± 1.1

Fig. 9. Inhibition mechanism proposed when a mixture of flavonoid, phenolic acid and zinc ions are used for corrosion inhibition of steel in NaCl solution.
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plexes, formed in a very close area of the steel surface, leading to the
formation of a protective film ; (iv) Chemical reaction between the
released Zn2+ ions and the OH� ions from oxygen reduction to form
a Zn(OH)2 deposit on the steel surface, which reinforces the protective
capacities of the film.
5. Conclusion

The inhibitive activity and the inhibitor concentration effect of a
mixture of zinc salt and Ficus pumila leaves hydroalcoholic extracts
against corrosion of the XC38 steel in NaCl solution were investigated.
Electrochemical measurements coupled with surface characterizations
by SEM/EDX analysis proved that the presence of zinc ions signifi-
cantly increases the inhibitive capacity of the HEFP against steel corro-
sion. Based on the electrochemical results obtained, appropriate
concentrations of zinc ions and plant extract are needed to have an
optimal inhibitive capacity. The highest inhibition percentages
(91.3% and 88.9%) were obtained with the 200 ppm
HEFP + 50 ppm Zn2+ and 200 ppm HEFP + 100 ppm Zn2+ formula-
tions, respectively, while the 200 ppm HEFP, 50 ppm Zn2+ and
100 ppm Zn2+ each provided inhibition percentages of 39.9%, 3.3%
and –6.3%, respectively. The high inhibitive activity of these formula-
tions is mainly due to the reactivity at the metal/electrolyte interface
of the organometallic complexes formed between zinc ions and some
compounds present in the extract, like polyphenols, which facilitate
the formation of a very protective film on the steel surface. An inhibi-
tion mechanism is proposed according to the results obtained when a
formulation of flavonoid (quercetin), phenolic acid (gallic acid) and
zinc ions is used for corrosion inhibition, since these organic com-
pounds are susceptible to be present in the extract and are able to form
complexes with metal cations. A concerted mechanism between zinc
ions, steel oxidation products (Iron(II) and Iron(III)) and complexing
agents contained in the HEFP would be responsible of the inhibitive
efficiency observed when the HEFP + Zn2+ formulations are used
to inhibit corrosion of the XC38 steel in NaCl solution.
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