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Abstract

Chloride-induced corrosion of reinforcing steel embedded in concrete is a problem that
causes the elements to lose their physical and mechanical properties and can lead to
premature failures in civil works. This research article analyses the effectiveness of the
green corrosion inhibitor in cement paste through the ethanolic extract of mango peel.
The materials were dosed with the inhibitor added to the mixing water and the mechanical
properties of the material were analysed by manufacturing cylindrical test specimens. To
understand the corrosion phenomena, cubic samples were prepared and immersed in a
3 % sodium chloride (NaCl) solution for 365 days, simulating a highly aggressive chloride-
ion environment. Electrochemical techniques such as half-cell potential (HCP), electro-
chemical noise (EN), linear polarization resistance (LPR) and electrochemical impedance
spectroscopy (EIS) are applied. The experimental results showed that the green corrosion
inhibitor reduced the mechanical properties of concrete by 21.28 % compared to the
blank, but a positive effect was observed in the corrosion evaluation. Initially, the inhibitor
delayed the onset of corrosion, as indicated by high electrochemical noise and linear
polarization resistance values due to the formation of a film of organic compounds present
in the inhibitor extracts that acted on the active sites on the steel surface.

Keywords
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Introduction

Corrosion of reinforcing steel in concrete is one of the main causes of durability problems in civil
structures in coastal zones, due to aggressive saline environments. The composition of seawater
considerably influences the corrosive behaviour of metals, specifically of steel bars in concrete,
generating products such as oxides; as a result, strict corrosion monitoring policies are unavoidable [1].

Corrosion occurs due to the difference in chemical concentration of corrosive agents between
different regions of the surface of steel, concrete and electrolyte, where an electrochemical cell is
created [2]. The properties of steel and concrete are diminished by these damaging effects, so
various prevention methods have been studied.

Currently, the use of green corrosion inhibitors provides sufficient corrosion protection even in
the presence of high concentrations of aggressive chloride ions. In addition, they are biodegradable,
non-toxic, environmentally friendly, inexpensive, and derived from renewable resources, with lower
health and safety risks [3]. Therefore, many researchers have investigated environmentally friendly
plant- and fruit-derived green inhibitors with different characteristics and bioactive compounds that
mitigate the oxidation or reduction processes of steel in concrete. The diversity of eco-friendly
corrosion inhibitors is really high, and many of them have the potential to be considered efficient
and practical corrosion inhibitors in the field [4]. The inhibition efficiency of these materials depends
on the stability of the formed chelate, and the inhibitor molecule must have centres capable of
forming bonds with the metal surface by electron transport [5]. The inhibitory effect is mainly
attributed to the —OH groups in aromatic substances, flavonoid rings and ascorbic acid, which
interact both physically and chemically with the metal surface, forming a protective layer and
increasing the resistance to Cl™ ions penetration [6].

Corrosion inhibitors are classified as anodic, cathodic or integrated inhibitors according to their
mode of action [7]. Also, they can be analysed by different electrochemical techniques to achieve a
thorough characterization and understand the corrosion mechanism, such as half-cell potential,
electrochemical noise (EN), Pourbaix diagrams, linear polarization resistance and electrochemical
impedance spectroscopy. By applying the above-mentioned methods, valuable information on the
inhibitor composition and structure can be obtained, which is essential for understanding the related
corrosion processes [8]. To contribute to the development of green corrosion inhibitors for reinforced
concrete, mango peel extract was selected, continuing previous research. These inhibitors can be
classified into inhibitors mixed into the cement paste and inhibitors applied on the surface [9].
Kennedy et al. [10] evaluated the corrosion potential using paste extracts of Mangifera indica (mango)
resins layered to reinforce steel in concrete slabs. The results indicated a 10 % probability of corrosion,
indicating that there is no, or very low probability of corrosion. Rahmani et al. [11] studied the
influence of 2 wt.% mango extract, showing that it could reduce the metal corrosion rate in an
aggressive solution by approximately 98 %. They demonstrated the spontaneous adsorption of heavy
complex molecules (coordination compounds of extract molecules and inorganic cations) due to the
negative adsorption energy. Asipita et al. [12] developed a sustainable corrosion inhibitor based on
the plant extract of Bambusa arundinacea, which exhibited good adsorption characteristics and
stabilized calcium silicate hydrates (C-S-H), thereby preventing the conversion of calcium hydroxide.
Harb et. al. [13] valorised the extract of dried olive leaves as an inhibitor, obtaining an inhibition
efficiency of 91.9 % with the methanolic extract. They also showed that the presence of compounds
containing heteroatoms N and O with their p electrons is responsible for the corrosion inhibitory
activity. Valdez-Salas et al. [14] evaluated the corrosion behaviour of a natural organic leaf extract of
Neem and concluded that the inhibitor did not alter the integrity of the concrete or the
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physicochemical parameters, achieving 95 % long-term corrosion protection after 182 days of
evaluation. Al-Akhras Mashaqgbeh [15], used herbal extracts from eucalyptus leaves as eco-friendly
corrosion inhibitors in concrete reinforcement beams and prisms. They demonstrated that the extract
has potential as an ecological corrosion inhibitor, as the corroded reinforced concrete beams showed
that the amount of rust decreased with increasing concentration.

Generally, many studies have been conducted to understand and extend the service life of
concrete structures and to assess the corrosion risks posed to steel in highly aggressive
environments, but gaps remain. Therefore, the present research aims to develop new methods to
mitigate corrosion in reinforced concrete. This article presents the novelty of a new, environ-
mentally friendly inhibitor with a lower environmental impact compared to conventional inhibitors.

Experimental

Materials

For the preparation of the concrete paste, Portland cement CPC 30 R was used in accordance
with the ASTM C 150 quality standard [16], crushed stone was used as coarse aggregate with a
density of 2.70 g cm3, water absorption of 0.39 % and nominal maximum size of 1.9 cm. Sand is
used as fine aggregate, with a nominal maximum size of 4.75 mm, density 2.47 g cm3, water
absorption value of 2.13 % and fineness modulus of 2.33 [17]. In addition, corrugated steel construc-
tion rods and green mango peel inhibitor were used.

Preparations of the inhibitor

The mango fruits were collected from southern Mexico, then cleaned, and the fruit peel was
dried at room temperature for 4 days, protecting it from sunlight. After that, the dry peel was
crushed and ground into a fine powder. Mango peel extract was prepared using the maceration
method with certain modifications, as described in [18].

The resulting fine powder was mixed with ethanol for 48 hours, after which the mixture was
filtered through a filter paper. Finally, the excess cartridges were removed by pressure distillation
using a rotary evaporator.

The structure of the ethanolic extract of mango peel contains O-H functional groups of phenols,
aliphatic acids (C-H), carbonyl groups (C=0) and aromatic groups (C=C); these may be the functional
groups that exist in the structure of gallic acid, mangiferin and iriflofenone from mango [19].

Proportion and preparation of the concrete paste

The green inhibitor solution was prepared first from a stock solution of 1000 ppm. 1.0 g of inhibitor
was weighed using a Denver Instrument electronic balance with an accuracy of 0.1 mg, and then the
inhibitor was dissolved in one litre of water.

A low concentration of 50 ppm was proposed to assess the inhibitor's effectiveness.

Table 1 shows the weights of materials for the white concrete mix and the concrete mix with an
inhibitor at 50 ppm (CH-50).

Table 1. Proportion of concrete components for 1 m?

Blank [23] CH-50
Cement content, kg 366.07 366.07
Water volume, | 197.65 187.77
Gravel content, kg 1047.65 1047.65
Sand content, kg 650.63 650.63
Inhibitor concentration, ppm - 50(9.88 L)
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It also details the amount of inhibitor (9.88 litres) in relation to the amount of reaction water in
the concrete paste. The concrete mix was prepared at the desired concentration (50 ppm), and
known quantities of the extract were added to the mixing water for the manufacture of cement
paste, as shown in Figure 1.

Figure 1 Components of the green inhibitor of the ethanolic extract of mango: a) ethanolic extract of mango
peel; b) water; c) green inhibitor

Figure 2 shows the materials used for the preparation of the concrete. The materials were mixed
as follows: first, gravel was added; then water and inhibitor; then sand; and finally, cement. All
materials were stirred for 3 minutes in a Husky-brand industrial mixer with a 6.5 hp motor. Freshly
mixed concrete was subjected to physical tests for slump and air content according to ASTM C143
and ASTM C231 standards [20,21]. The nomenclature used to identify the concrete samples was
blank as control concrete, and CH-50 as concrete with inhibitor.

T

Figure 2. a) Materials to produce concrete: gravel, sand, water, inhibitor and cement; b) concrete paste

Sample preparation

For mechanical tests, 9 cylindrical probes with standard dimensions were made according to
ASTM C 31 [22]. Compression tests were performed after 7 and 28 days of cylinder curing, using a
120-ton universal machine. For the electrochemical techniques, concrete cubes measuring 12 cm
long, 8 cm wide and 12 cm high [23]. These specimens were placed in a 3 % sodium chloride saline
solution, simulating marine conditions in coastal areas.

In addition, three corrugated construction steel rods, each with a diameter of 0.95 cm, were
embedded as working electrodes (WE) at the interface between the paste and the steel. Teflon tape

4 (co) X



A. Flores-Nicolas et al. J. Electrochem. Sci. Eng. 16 (2026) 2975

was placed, protecting the steel bar from external moisture. The exposed area of the steel was
22.30 cm? [23].

Application of electrochemical techniques

Open circuit potential measurement

The tendency of any metal to react with its environment is indicated by the potential it develops
in contact with it. On concrete reinforcement structures, the concrete acts as an electrolyte and the
reinforcement will develop a potential depending on the concrete environment [24].

The corrosion potential, Ecorr (rod/concrete half-cell), is measured as the potential difference
(voltage) between the rod and the reference electrode (half-cell) [25]. The values obtained are
recorded as the Ecorr Oof the material, and these results can also be used to assess the degree of
corrosion of the steel rods [26]. For steel corrosion potential measurements, the concrete cubes
were monitored after 24, 48 and 72 hours immersed in the saline solution, to observe their trend
and changes in potential. Subsequently, measurements are taken weekly for 365 days.

An electrochemical media cell was set up with a reference and working electrode (steel bars)
connected to a multimeter; for this study, a saturated silver-silver chloride (Ag/AgCl) electrode was
used as a reference according to ASTM C 876. Values below -150 mV are considered low corrosion
with a 10 % probability; values between -150 and 300 mV are considered intermediate corrosion or
a zone of uncertainty, and values below -300 mV are estimated to indicate severe corrosion with a
90 % probability of corrosion [23].

Electrochemical noise

When studying corrosion in reinforced concrete structures, electrochemical noise has many
advantages because it is a non-destructive technique that does not alter the steel/concrete interface
and is used to estimate the corrosion rate and the changes that the metal undergoes. The method
is based on measurements of current and voltage fluctuations (electrochemical noise) generated by
spontaneous charge flows during corrosion reactions [27]. A Gill AC-ACM Instruments-potentiostat
was used to monitor electrochemical noise fluctuations in reinforced concrete. The electrochemical
cell was composed of two working electrodes, and a third electrode was used as a counter electrode.
In addition, an Ag/AgCl reference electrode closes the electrochemical cell. The equipment was
configured for the test with 1024 data points with a sweep rate of 1 data point per second, leaving
an interval of 30 mV. From this technique, the following data of interest for concrete structures can
be obtained: corrosion rate through resistance to electrochemical noise (Rn), and type of corrosion
occurring in the steel/concrete system.

For the calculation of resistance to electrochemical noise, Equation (1) was used [28]:
R=2v (1)
O-I
where R, is resistance to electrochemical noise, ovis standard deviation of the potential and o; is
standard deviation of the current.
Rn is considered equivalent to polarization resistance Rp and so, it can be related to the corrosion

current by the Stern-Geary Equation (2):

B
R, orR, =— (2)
jCOrl’

where B is defined by Equation (3):
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B — babc
2.3(b,+b,)
In Equations (2) and (3) Ry is in Q or Q cm?, jeorr is the corrosion current in A or A cm?, and b, and b
are the Tafel constants in V dec? of current [28].

Other statistical parameters can be obtained from the electrochemical noise technique, such as
the localization index (LI), which characterizes the type of corrosion present in the steel/concrete
system. It is defined as the ratio between the standard deviation of the measured current (o/) and
the root mean square (RMS) of the measured current and can be calculated from Equation (4):

=2 (4)

RMS

The values of the LI are dimensionless; generalized corrosion ranges from 0.001 to 0.01, and
mixed-type corrosion between 0.01 and 0.1. Localized corrosion shows values of 0.1 to 1. Sub-
sequently, at the start of pitting in the steel bar, the values of Ll are greater than 1.

(3)

Resistance to linear polarization

The linear polarization resistance (LPR) technique theoretically provides the corrosion current
density and, therefore, the corrosion rate of steel by measuring the polarization resistance [29].

It is a non-destructive technique because it is generally applied at low voltages, allowing the
current density (jcorr) to be measured. ASTM G 59-91 (Standard test method for potentiodynamic
polarization resistance measurements) [30] defines the polarization resistance R, as the slope of the
current density Aj and potential AE curve as shown in Equation (5):

_AE
N

The calculation of the current density (jcorr) Was performed by substituting R, for R, in Equation (3),
resulting in Equation (7):

) B

Joorr = (7)

p
where constant B is dependent on the anodic and cathodic Tafel slope constants calculated from
Equation (3). In this work, a constant B of 26 mV was used, as this value is commonly used to describe

R (6)

corrosion phenomena in active steels [31].

For this measurement, a small voltage signal between -50 and +50 mV was applied relative to the
corrosion potential (Ecorr), according to the aforementioned standard. The sweep speed was
60 mV min!, and the resulting currents were recorded. R, was obtained as the slope of potential vs.
current density plots at / = 0, and jcorr Was calculated using Equation (7).

According to Andrade and Alonso [32], a relationship can be established between jcorr values and
the durability of reinforced concrete. A value of 0.1 pA cm™ is considered negligible; a value in the
range of 0.1 to 0.5 pA cm™? is estimated to be moderate corrosion; values between 0.5 and
1.0 uA cm? are considered high corrosion; and values greater than 1 pA cm? indicate severe
corrosion in the metal.

Electrochemical impedance spectroscopy

The resistance (or impedance) and frequency properties facilitate the determination of the
corrosion state of reinforced concrete. Electrochemical impedance spectroscopy (EIS) or alternating
current (AC) methods are applicable to sites that are difficult to analyse using a direct current (DC)
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signal [33]. The ability to differentiate between closely related mechanisms makes electrochemical
impedance spectroscopy (EIS) a powerful tool for such electrochemical studies [34].

The impedance measurements were performed at open-circuit potential (OCP) after 30 minutes
of OCP stabilization, using a sinusoidal alternating current (AC) signal with an amplitude of 20 mV

(peak-to-peak) and a frequency range from 10 kHz to 0.01 Hz. The inhibitor efficiency, (77 / %), was
calculated according to Equation (7):

Rct(inh) _Rct(O)

n=| ———— |100 (8)

ct(inh)

where Rct (inh) and Rt (o) are charge transfer resistance in the presence and absence of an inhibitor,
which were obtained by a fitting procedure of the chosen EEC to measured impedance data.

Results and discussion

Effect of the slump test on concrete

Workability values of 14 cm were obtained for the blank concrete and 15 cm for the concrete
with the green inhibitor. It can be observed that adding the green mango peel inhibitor significantly
increases the slump compared to the white-mango peel inhibitor. This observation could be
explained by the diffusion capacity of the corrosion inhibitor within the cement particles, which
improves contact between the cement particles and water [35]. These results can be compared with

those of other authors [36].
Effect of air content and porosity of concrete

Figure 3 shows the air content of the concrete in its fresh state and the material's porosity in its
hardened state.

25 T T

T T T T T T 25
7] blank
= CH-50
20 20
x
= 151 15 3‘3
2 oy
(@]
-2 10 10 o
5 1 5
-
0 T 0
Freshly mixed Hardened

Concrete
Figure 3. Air content and porosity percentages of fresh and hardened concrete with and without inhibitor

These physical properties are essential for evaluating the air voids trapped in the paste and the
durability of the concrete. In other words, a greater number of voids in the cementitious matrix
affects the final performance of the product's mechanical properties, and vice versa.
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The air content and porosity increased for the samples with the green inhibitor, indicating that
the green inhibitor led to poor internal curing of the concrete paste during cement hydration.
Consequently, this leads to an increase in micropore diameter in hardened cement paste [12].

Furthermore, an increase in the material's permeability allows aggressive agents to penetrate
the concrete matrix and interact with the reinforcing steel.

Compressive strength behaviour

Table 2 shows the values of the compressive strength (f'c) of the concrete and the standard
separation of the samples. The blank presented a final resistance of 330.7 kg cm2, exceeding the
proposed theoretical design of 300 kg cm™.

Table 2. Compressive strength (f'c) values of concrete samples with and without inhibitor

Nomenclature f'c/kgcm? Standard deviation
7 days 28 days 7 days average 28 days average (28 days), kg cm™
Blank 270.3 262.8 262.1 336.7 3284 326.9 265.0 330.7 4.3
CH-50 215.5 207.6 209.0 257.7 267.3 255.9 210.8 260.3 5.0

During the first 7 days of curing, the CH-50 probe shows a lower f'c than the control sample, with
an average of 210.8 kg cm™. This fact is a consequence of the cement paste's greater porosity. At
the end of curing, the concrete showed a low compressive strength; the inhibitor affected the
mechanical properties of the paste, with a 21.28 % decrease in the strength of the concrete after
the introduction of the inhibitor extract. Low compressive strength values are due to increased
porosity, which increases the penetration of aggressive chloride ions [9].

Interpretation of Ecorr values

In general, organic inhibitors modify the potential between steel and water in the concrete pores,
thereby forming a mechanical barrier against aggressive ions. The monitoring of the corrosion
potential of the samples with inhibitor incorporation is shown in Figure 4.

0

-100 4 Low corrosion

-200 4 : :
Intermediate corrosion

~300 s e 8 Nale o s e s i S e i

Ecorr / mV vs. Ag/AgCl

-400 .
Severe corrosion

-500

CH-50

3 % NaCl | ——blank

-600 L LI RN LI P W NN LI L R SR P
30 60 90 120 150 180 210 240 270 300 330 360
Time, day

Figure 4. Time change of corrosion potential of reinforced concrete samples in 3 % sodium chloride solution
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At an early age, specifically on day 7 of measurement, the CH-50 concrete sample shows less
negative potentials than the control sample at -30 and -50 mV, entering a 10% probability of
corrosion zone. The decrease in the samples' corrosion rate and the shift of the open-circuit
potential toward the noble direction indicated that the samples reached a more noble state with
immersion time [37]. This value indicates that the inhibitor delays the interaction of chloride ions
within the cement paste.

Although organic inhibitors may contain one or more functional groups, many of them only delay
the corrosion of steel in chloride and carbonate environments [38]. On day 56, a drop in potential
occurs for the sample with the inhibitor. These parameters can be attributed to an increase in
concrete permeability [39], indicating a higher concentration of chloride ions in the steel bar.
Subsequently, more negative values of Ecor are observed in sample CH-50 during immersion,
reaching a 90 % probability of corrosion from day 90 to day 365. This observation can be explained
by the formation of metastable pits.

In Figure 5, the Pourbaix diagram [40] is shown, which summarizes the thermodynamic infor-
mation of iron metal corrosion, delimiting between corrosion, immunity and passivation, and allows
for evaluating the corrosion resistance under specific conditions. These diagrams indicate potential
regions with respect to a standard hydrogen electrode (SHE) and the hydrogen potential (pH),
showing where the metal corrodes and other regions where it is protected from corrosion [40].

A 2000 1750
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9 XYgen iz~
g Fe3* ne™ — _ _ Passivation
<1 s00— i T 550 O
— — <
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2w —-250 E
: Hydrogen ”n;‘- — \L
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S
(2]
g Fe
£ -1200 —
M
Q
-1600 T T T T f 1 T I f T T T T T T -1850
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Figure 5. Pourbaix equilibrium diagram for the analysis of corrosion of reinforced concrete

It also shows the stability ranges of all species covered and can be used to predict reactions when
combined with the redox potential of a given oxidizing or reducing agent. The Pourbaix diagram in
Figure 5 provides a thermodynamic basis for assessing the corrosion potential of reinforced
concrete. The different anodic and cathodic regions are identified. Furthermore, with corrosion
potential data over 365 days in saline solution, values between -350 and -450 mV, it is evident that
the sample is in a state of continuous ferric oxide (Fe,0z) formation. The species appear to be stable,
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and the metal is protected by a thin surface oxide film on the steel surface. It should also be noted
that the passivation indicated by the Pourbaix diagram depends on the pH of the concrete, but it
does not describe the interaction of chloride ions at the steel/concrete interface. This information
should be supplemented with other appropriate electrochemical techniques to obtain the reactions
of the steel.

Interpretation of electrochemical noise values

The noise resistance results for the blank and the sample with the inhibitor are shown in Figure 6.
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10" . . . T . T - T :
101 3 % NaGl | blank CH-50
10°
108 -
107
108 /
105 h -
10*
T
0

Rn/ Q cm?

T T T T T T T T T
30 B0 90 120 150 180 210 240 270 300 330 360
Time, day

b)

10° J T T T T T d T T

g 3 % NaCl blank CH-50|
|L 5 =
g }
o ]
E i3 /
£ 10 |
[0
S 104 \ J ]
c
S . /
@ 10°
£
= ]
O 108

107 |

108

0

T T T T T T T T T T
30 80 90 120 150 180 210 240 270 300 330 360
Time, day

Figure 6. a) Electrochemical noise resistance values and b) corrosion rates of reinforced concrete samples,
measured during 365 days of exposure in saline solution

In early measurements, high Rn values between 1000.0 and 0.1 MQ cm? are observed for sample
CH-50, indicating that steel is in a passive state. During the first few days and up to day 280, the CH-
50 samples exhibit high and low fluctuations, indicating a breakdown of the passive layer and the
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formation of a non-protective oxide film due to corrosion. The presence of mango ethanolic extract
reduced the magnitude of these current transients, affirming its corrosion inhibition efficiency [41].
But as the monitoring time progressed, a drastic drop in R, was observed on day 280, presenting values
of 100 kQ cm?. This phenomenon indicates the accumulation of Cl~ ions at specific small points on the
steel rod, leading to passive rupture events [42]. At the end of monitoring on day 365, the R, decreased
for the sample in the presence of the inhibitor, ranging from 100 to 10 kQ cm?. The drop in Rn could
indicate that the concentration of chloride ions increases on the surface of the steel bar; consequently,
the corrosion rate is severe, as shown in Figure 6 b).

Quantitative information on the corrosion rate of steel is of utmost importance for the evaluation
of repair methods, predicting service life and for the structural evaluation of corroded elements.
The type of corrosion present in the steel bars is localized, as shown in Figure 7.

blank

Pitting corrosion ‘

cHs0 |

Localized corrosion =

0.95 T T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360

Time, day
Figure 7. Localization index values of reinforced concrete samples with and without inhibitor

Linear polarization resistance measurement

The linear polarization resistance (LPR) results for the reinforced concrete samples containing
inhibitor are detailed in Figure 8. During the beginning and up to day 70 of monitoring, high R, values
are observed for the sample with inhibitor values between 0.1 and 1 MQ cm?, indicating a low
corrosion process of steel.

107 3 T T T T

blank

108 4 3 % NaCl CH-50

10° 5

Rn/ Q) cm?

10% 4

T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360
Time, day

Figure 8. Linear polarization resistance values of reinforced concrete samples during 365 days of exposure to
saline solution
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The inhibitor shows a better response to steel corrosion at early times of exposure; the presence
of mango extracts increases Rp, probably due to the adsorption of organic compounds in the extracts
onto the active sites of the steel surface, thereby delaying both metal dissolution and hydrogen
evolution reactions [43]. According to Asaad et al. [44], this is due to the slow diffusion of oxygen
and Cl- ions through the pores of the concrete (capillary action) and to the insulating film component
of the solid hydroxide layer at the steel/concrete interface, resulting from the adsorption of
inhibitory compounds.

During day 80, a drop in Ry values is observed for sample CH-50, to about 10 kQ cm?, which
remains almost constant until the end of the test. This phenomenon is due to the rupture of the
dielectric film due to the high diffusion of aggressive agents such as Cl, O, and H,0 [45], because
this sample presented larger voids in the cement matrix.

Figure 9 shows the durability of the concrete samples based on the current density (jcorr) values
of the metal. CH-50 probes exposed to 365 days in the saline medium are observed to be in the high
and very high corrosion ranges.

] T T T T
10 4
! Very high i
~ '1 = H) CPSSRCEBTEEE) [ Semmm
€ ]
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< T e
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< 014 o S 1
8 Negligible
0.01 4
E 3% NaCl [—— blank—— CH-50 |
0‘001 T T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360
Time, day
Figure 9. Risk of damage to reinforcing steel in concrete samples under aggressive conditions of saline
solution

When the concentration of Cl” ions exceeds a critical value, a drastic increase in the corrosion
current occurred during the experiment [38]. The resistance decreases when the protective film is
damaged under specific circumstances. These values indicate the onset of active corrosion of the
reinforcing steel in the concrete and the formation of non-protective oxides on the metal surface,
as reported by other authors [46].

Electrochemical impedance measurements of concrete

The EIS results for the blank concrete samples and those with the addition of the green inhibitor,
mango peel extract, after 28 and 245 days of exposure to saline solution are shown in Figure 10.

To interpret the EIS data, we start from the measurements at the highest frequencies (10 to
1 kHz) and present them as “unfinished” capacitive loops. The high frequency point where Z’=0 is
attributed to the strength of mass concrete, which represents the ohmic resistance of the solution
in the pores or cracks of the cement matrix [23]. Subsequently, a second complete semicircle is
generated at medium to low frequencies (1 kHz to 1 Hz). It is usually attributed to the corrosion film
formed by the corrosion products.
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Figure 10. Nyquist diagrams of blank and CH-50 concrete samples after 28 and 245 days of exposure to saline
solution

At low frequencies (1Hz to 0.01Hz), the third semicircle appears and is followed by prominent
slope lines characteristic of diffusion impedance. This is usually ascribed to the interfacial region
between steel and corrosion film, characterized by charge transfer resistance (R«) due to steel
corrosion. In addition, diffusion effects can be ascribed to the diffusion of oxygen and free chloride
ions into the concrete matrix, as was described by Herrera Hernandez et al. [47].

Likewise, a significant increase in Rs and some increase in R are observed at higher exposure
times, and for the sample with inhibitor, due to the larger radius of the capacitive rings at low
frequencies, indicating a delay in the onset of corrosion of the reinforcing steel.

The sample with the inhibitor exhibits better electrochemical performance of the concrete at day
245; this is associated with the protection of the steel. Firstly, the formation of an organic film by
the inhibitor covers small, localized corrosion points and prevents chloride ions from reaching the
metal surface. It has been shown that increasing the solution resistance values prevents corrosive
agents from reaching the steel embedded in the concrete [48], due to compounds present in the
ethanolic extract of mango, such as phenols and carboxylic acids [49,50].

In Figure 11, the Bode diagrams (log of impedance modulus and phase angle vs. log f) are presented
for the blank concrete samples and those with inhibitors. During the 28 days, sample CH-50 shows
greater resistance to the solution. Likewise, greater resistance to polarization than the control sample,
these values suggest the passivity of the system, i.e., a greater restriction on the flow of current [51].
The sample with the green inhibitor from mango extract maintained constant impedance values
throughout the exposure, with a final value of 10 kQ cm?. These values are only slightly higher than
the control sample, which explains a high corrosion rate.

Figure 12 illustrates the equivalent electrical circuit (EEC) used as a physical-conceptual model
for the steel/concrete interface, based on the characteristics of the material and possibilities sug-
gested in the literature [52]. The model consists of the solution resistance (Rs), followed by two time
constants, CPEf and Rf, which represent the dielectric properties and ionic resistance of the
protective film formed by the mango peel extract and the passive layer.
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Figure 12. Modified Randles equivalent circuit with 2-time constants for reinforced concrete

CPEgand Rt correspond to the electrochemical double layer and the resistance to charge transfer
at the steel surface. Finally, a Warburg impedance (W) is included to account for diffusion-controlled
processes of corrosive species through the concrete matrix and inhibitory film. This CEE provides a
comprehensive framework for interpreting the increase in total impedance observed in the Nyquist
plots (Figure 10) because of inhibitor adsorption.

Corrosion mechanism

The different electrochemical methods provide important parameters for understanding the
behaviour of the metal embedded in the concrete. It is shown that the steel bar exhibits localized
corrosion, with corrosion occurring at specific points across its total surface. In the Nyquist diagrams,
the sample with inhibitor shows capacitive arcs of larger diameter than the control sample, and a
straight line attributed to the diffusion part of the aggressive agents [33]. On day 245 of
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measurement, the straight diffusion line decreases in slope, which is attributed to a transfer process
in combination with mass transport of dissolved oxygen within the concrete.

According to Zomorodian and Behnood [4] and Pradityana et al. [53], organic inhibitory
molecules, such as mango peel, which contains natural compounds and phenolic compounds,
contribute significantly to the corrosion-inhibiting effect of mango peel extract by electrostatically
adsorbing aggressive anions and thereby inactivating them.

Conclusions

The green inhibitor from ethanolic mango extract was incorporated into the reinforced concrete
paste via the reaction water. From the experimental results, the following conclusions were derived:

The concrete paste's workability was not affected by the green inhibitor, but the inhibitor
reduced compressive strength by increasing porosity in the cementitious matrix.

Corrosion potentials for concrete samples with a mango inhibitor showed better performance,
delaying chloride diffusion for 90 days and achieving a low-to-intermediate corrosion state.

The concrete sample with inhibitor (CH-50) showed high noise and polarization resistance values
(Rn and Rp) at the beginning of the measurements, but these values decreased toward the end of
the experiment, leading to an increase in the corrosion rate of reinforcing steel.

The useful life level in the steel/concrete system with the green inhibitor showed a moderate-to-
high corrosion level, with jeorr greater than 0.5 uA cm2.

The corrosion rate of the reinforcing steel was localized throughout the measurement period,
from the first days of exposure to the saline environment until the end of exposure, with localization
index values between 0.1 and 1.

The green inhibitor showed a positive effect on aggressive agents (such as Cl" ions) compared to
the blank during the first days of the experiment, as indicated by Nyquist and impedance data,
thereby delaying the onset of corrosion.

Recommendations

For future research, the authors could recommend conducting experiments with the mango peel
inhibitor at concentrations above 50 ppm, specifically 100, 200, 500 or 1000 ppm, and to perform
the complete analysis of mechanical and electrochemical properties of the reinforced concrete.
Other environmentally friendly corrosion inhibitors prepared by different type of maceration could
also be studied
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