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Medicago sativa (M. sativa) extract is a safe and eco-friendly corrosion inhibitor

of 1018 steel in acid media. The inhibitor reached a maximum efficiency of 85%

by using 500 ppm. In this work, we study the use of KI as an add-on to increase

the inhibition efficiency of M. sativa, as well as making the natural inhibitor

competitive with the commercial ones. We evaluated the effect of halide ions

through the variation of different concentrations of KI and its synergy with the

extract ofM. sativa as a corrosion inhibitor of carbon steel in 0.5 M sulfuric acid

and at different temperatures. The results were obtained through

electrochemical techniques such as electrochemical impedance

spectroscopy (EIS), potentiodynamic polarization (PDP) curves, and weight

loss gravimetric technique. It was found that halide ions increase the

inhibition efficiency of M. sativa from 85 to 95% when 5 mM concentration

of KI was used. The efficiency of the inhibition increases proportionally with the

immersion time but reduces when the temperature increases. The addition of

iodide ions (I−) revealed that it exerts a synergistic effect on the inhibition of

corrosion with the extract of M. sativa. However, when studying the metal

surface using a scanning electron microscope, pitting corrosion was found.
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Introduction

Steel is one of the few materials that have significance in human life. During the

modern era, it drove architectural, technological, and even medical development, as it is a

major constituent in buildings, bridges, vehicles, ships, and trains, among others.

Steel, compared to other materials of its type, has low production costs. The energy

required for extracting iron from its ore is about 25% of what is needed for extracting

aluminum. Steel is environmentally friendly as it can be recycled. Iron as an element is

present in Earth’s crust by 5.6%, representing a secure raw material base (Gan 2011).

Carbon steels are used in a wide range of applications, such as structural components,

industrial pipes, and kitchen appliances, and are considered a more economical option

than the costly corrosion-resistant alloys. Carbon steels typically contain less than 1.5%
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carbon along with a low presence ofMn, Si, P, and S. Based on the

percentage of carbon, the classification is further divided into

three forms: low-carbon steels (<0.25% C), medium-carbon

steels (0.25–0.70% C), and high-carbon steels (0.70–1.05% C)

(Dwivedi et al., 2017).

The effects caused by corrosion on different metals are of

much interest for industries, due to its impact on the economic

loss and the failure of security systems, as they are exposed to

aggressive media (Revie and Uhlig 2008). It has been looked for

different alternatives for corrosion protection as there is

preoccupation of having options with no effects on

environment and following the standards, in which the use of

green inhibitors is one of the most used alternatives.

The use of vegetal species as corrosion inhibitors has been

widely used. However, in some cases, they have been reported to

possess low efficiencies, and thus, they are not able to reach the

standards for a good inhibitor. To increase the inhibitor

efficiency, different research studies proved that the use of

halide ions along with vegetal extracts as corrosion inhibitors

reported higher efficiency. For example, Occimum viridis is used

as a corrosion inhibitor for mild steel in sulfuric acid showing a

maximum efficiency of 69%, which after adding 0.5 mM of KI

showed an increase in the efficiency of 94.5% (Oguzie 2006).

Sansevieria trifasciata as a corrosion inhibitor for aluminum in

hydrochloric acid shows an initial efficiency of 87%, and by

adding 0.5 mM of KI, it reaches a maximum efficiency of 94%

(Oguzie 2007). Following this, in 2013, Priya conducted a study

on Abelmoschus esculentus seeds and used as a corrosion

inhibitor for mild steel in sulfuric acid where an efficiency of

94% was obtained. In this research, she proved different haloid

salts such as KCl, KBr, and KI at 0.1 mM obtaining maximum

efficiencies of 86, 91.5, and 99%, respectively, where KI is clearly

the one that shows a better interaction with the extract and

synergic parameter S with values ≥ 1, which was attributed to its

high hydrophobicity, a greater ionic radius, and low

electronegativity of iodide ions (Priya et al., 2013; Hazazi

et al., 2014).

A synergic effect of halides and quaternary ammonium salts

on steel corrosion in sulfuric acid has been observed. The ion

efficiency increases in the following order: Cl < Br < I.

Pseudohalides also show synergism, while the fluoride ion

does not show any synergic activity. Active anions are

selectively chemisorbed on the metallic surface and raise the

absorbability of the inhibitory cations, which interfere in the

corrosion process (Räuchle F. and Díaz M. I. 1990).

Medicago sativa (M. sativa) extract has been previously proved

as a corrosion inhibitor for 1018 steel in acid media showing a

maximum efficiency of 90% after 8 h, and it maintained until 12 h.

After this time, the inhibition efficiency decreases (Rodríguez Torres

et al., 2016). The aim of the present work is to evaluate the effect of

adding different concentrations of KI when using M. sativa as a

corrosion inhibitor for 1018 steel in 0.5 M of H2SO4.

Experimental procedure

Testing metal

Steel samples with a chemical composition w/w%: C

0.14%, Mn 0.90%, Pmax 0.05%, Smax 0.04%, and Fe±

98.87% were used. The samples were encapsulated in a

commercial epoxy resin. It is used for corrosion protection

covering almost the entire surface, leaving a defined contact

area of 1 cm2 for electrochemical tests and 5.52 cm2 for

gravimetric tests. Each of the samples was sanded with a

carbide silicon paper from 100 to 600 grades to obtain a

homogenous surface.

Aggressive solution

Sulfuric acid was used at a reactive grade to prepare 0.5 M of

H2SO4 solution.

Inhibitory solution

To prepare the inhibitory solution, 500 ppm of M. sativa

extract was used, as it was considered the best concentration as

previously reported (Rodríguez Torres et al., 2016). We added

different KI concentrations (1–5 mM) to evaluate the effect of

halide ions on inhibition efficiency.

Electrochemical evaluation

The electrochemical techniques used for the evaluation ofM.

sativa with different KI concentrations as a corrosion inhibitor

were electrochemical impedance spectroscopy (EIS) and

polarization potentiodynamic (PDP) curves. During the

measurements, a conventional three-electrode cell was used,

with 1018 carbon steel as a working electrode, Ag/AgCl as a

reference electrode, and graphite as a counter electrode. PDP

measurements were carried out with a speed rate of 1 mV/s at an

interval of ±1000 mV from the corrosion potential. The

corrosion current density values, icorr, were obtained using

Tafel extrapolation. The inhibition efficiency (η) was

calculated according to Eq. 1:

η(%) � [icorr1 − icorr2
icorr1

]*100, (1)

where icorr1 and icorr2 are the current densities with and without

an inhibitor, respectively.

EIS tests were carried out with a signal amplitude of 10 mV

and a frequency interval between 0.05 and 10,000 Hz in an ACM

instrument GillAC potentiostat.
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Results and discussion

Electrochemical impedance spectroscopy

Figure 1 shows the Nyquist diagrams for the effect of

different KI concentrations on 1018 steel corrosion inhibition

in acid media using the aerial parts of M. sativa in a 500 ppm

concentration. When KI is added, it shows flattened capacitive

semicircles with the center in the real axis. This indicates that the

corrosion mechanism is controlled due to the charge-transfer

resistance (Bentiss et al., 2009; Behpour et al., 2010). By

increasing the KI concentration in media, the diameter of the

semicircles increases. This indicates an increase in the resistance

and the produced efficiency in the interaction between halide

ions and the inhibitor.

Bode diagrams are shown in Figure 2. In phase diagram

Figure 2A, a peak is observed around 100 Hz, which is displaced

to lower frequencies as the KI concentration increases and the

phase angle increases as the KI concentration increases. In

module diagram Figure 2B, the solution resistance at high

frequencies and at lower frequencies, the double-layer

capacitance, and the charge-transfer resistance are shown,

where the module value increases as the KI concentration

increases, showing only one slope and as a consequence one

time constant.

Figure 3 shows the equivalent circuit model, where R1 is the

solution resistance and R2 is the charge-transfer resistance. The

double-layer capacitance value is affected due to imperfections

on the surface, such as roughness; thus, this effect is simulated

through a constant phase element QPE1 (Bommersbach et al.,

2006).

Impedance-associated values ZCPE can be calculated from

the following equation (Tan et al., 2022; Singh et al., 2020):

ZCPE � 1

Y0(jω)n, (2)

FIGURE 1
Nyquist diagram showing the effect of different
concentrations of KI on the corrosion inhibition of 1018 steel in
acidmedia usingM. sativa aerial parts with 500 ppm concentration
at 25 ± 2°C.

FIGURE 2
Bode diagrams for 1018 steel corrosion in acid media when
adding 500 ppm of M. sativa at different KI concentrations (A)
phase diagram and (B) module diagram.

FIGURE 3
Adjusted and modeled data for the equivalent circuit of
corrosion inhibition for 1018 steel in acid media with 500 ppm
concentration of M. sativa and the addition of 5 mM of KI.
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where Y0 is the pseudocapacitance, j is the current density, ω is

the angular frequency, and n is a heterogeneity indicator or

surface roughness. Depending on the n value, ZCPE can be

represented as (ZCPE � R, n � 0), capacitance as (ZCPE � C;

n � 1), Warburg impedance as (ZCPE � W , n � 0.5), or

inductance as (ZCPE � L; n � −1) (Aldana Gonzalez et al., 2015).
The double-layer capacitance value Cdl can be calculated

according to Eq. 3 (Tan et al., 2022; Bahremand et al., 2021):

Cdl � Y0(2πfzim−max)n−1. (3)

The obtained parameters for the simulation and efficiency

calculus are shown in Table 1, where it is observed that as the KI

concentration increases, the charge-transfer resistance increases

and at the same time the inhibitor efficiency increases and the

values of the double electrochemical layer decrease. This can be

caused due to the local dielectric constant and/or due to the

increase in thickness in the double electric (Kuznetsov and

Andreev, 2014) layer. This suggests that the presence of the

extract and halide ions modifies the double-layer electric

structure due to the inhibitor molecules that act by adsorption

in the metal/solution interphase (Cardozo da Rocha et al., 2010).

Temperature effect on the corrosion inhibition for 1018 steel

in acid media at different KI concentration is shown in Figure 4.

When different KI concentrations are added, the corrosion

mechanism changes showing a depressed semicircle, followed

by a second semicircle, which is more evident in 1 mM

concentration. However, at high concentrations, it is not

evident because the time constant is too low.

As a result, the corrosion process happens in two stages. The

first is metal oxidation (charge-transfer process). The second

stage is due to mass transport, as it is the slowest process where

metallic ion diffusion could be exhibited from the metallic

surface to the solution or the formation of a second corrosion

TABLE 1 Electrochemical parameters obtained from the model circuit and corrosion inhibition efficiency (IE) for 1018 steel in acid media with and
without 500 ppm concentration of M. sativa at different KI concentrations.

Inh ppm KI mM RS Ω cm−2 Rct Ω cm−2 Cdl µF cm−2 CPE µF cm−2 N IE (%) SD

0 0 6.7 58 4.30 9.40 0.91

500 0 15.56 423 2.87 5.04 0.86 86 2.4

500 1 12.56 863 2.71 4.51 0.83 93 1.7

500 2.5 0.87 983 1.29 3.20 0.83 94 1.8

500 0.54 0.54 1,277 1.24 2.70 0.82 95 2.0

FIGURE 4
Nyquist diagram for 1018 steel corrosion in acid media with
andwithout 500 ppmM. sativa extract and the addition of different
KI concentrations at 40°C.

FIGURE 5
Nyquist diagrams for 1018 steel corrosion in acid media with
and without 500 ppm of M. sativa and the addition of different KI
concentrations at 60°C.
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product layer. Similar mechanisms have been observed for steel

corrosion when using halide ions (Lagrenée et al., 2002).

Figure 5 shows the effect of temperature when it is increased

to 60°C for 1018 steel corrosion with 500 ppm M. sativa extract

and different KI concentrations, and a capacitive behavior

defining a depressed semicircle at high frequencies and an

inductive semicircle at low frequencies are observed. As the

KI concentration increases, the semicircle diameter increases,

favoring M. sativa inhibition effect.

Inhibition efficiency comparisons of 500 ppm M. sativa with

different KI concentrations and different temperatures are shown

in Figure 6. When the KI concentration increases, the efficiency

increases considerably, and as the temperature increases, the

efficiency decreases. When KI is added at a concentration of

5 mM, the efficiency values aremaintained in the range of 91–95%.

Nyquist diagrams at different exposure times for 1018 steel

in acid media with 500 ppm of M. sativa and the addition of

5 mM KI are shown in Figure 7. It is observed that the

semicircle diameter remains almost constant for impedance

values around 1,200 Ωcm2 until 40 h. However, its corrosion

mechanism, at an initial time, is controlled by the charge-

transfer resistance, with changes in time showing that for low

frequencies, a second semicircle changing its mechanism into

a two stage is observed; the first leading to metal oxidation

(charge-transfer process) and the second stage is the mass-

transfer process, thus causing a possible metallic ion diffusion

from the metallic surface toward the solution or to the

formation of a second layer.

This mass-transfer process is a characteristic of adsorption

inhibitors due to the adsorption of their molecules onto the metal

surface, which limits O2 diffusion on the surface or retains the

metallic ions. This provokes a reduction in the corrosion rate

(Feliu and Andrade 1991).

Synergistic effect

The inhibition mechanism and the KI-adding effect

require knowing the interaction between protective

molecules and the metal surface. According to the steel

dissolution mechanism in (Chauhan and Gunasekaran,

2007) sulfuric acid (Bockris et al., 1961), steel

electrodissolution in an acid solution depends mainly on

the adsorbed species as shown as follows:

Fe +H2O ↔ (FeOH)ads +H+ + e− (4)
(FeOH)ads → (FeOH)+ + e− (5)
(FeOH)+ +H+ → Fe2+ +H2O (6)

The hydrogen evolution cathodic reaction is given by the

following steps:

Inh − OH +H+ ↔ Inh − OH+
2 (7)

Inh − COOH +HSO4
1− ↔ Inh − COO− +H2SO4 (8)

With the presence of halide ions (X), the anodic dissolution is

given by:

[Fe(H2O)nSO4] + I− → [FeI(OH)nSO4]ads +H+ + e− (9)

FIGURE 6
M. sativa inhibition efficiency comparison at 500 ppm with
different KI concentrations and different temperatures.

FIGURE 7
Nyquist diagrams at different exposure times of 1018 steel in
acid media with 500 ppm of M. sativa and the addition of 5 mM KI
at 25 ± 2°C.
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[FeI(OH)nSO4]ads + InhNH+
3 →[FeI(OH)nSO4InhNH3]+ads

(10)
FeI(OH)nSO4InhNH3]+ads → [FeI InhNH2]ads + OH− + SO2−

4

+H+

(11)
Some aspects such as its polarization ease, high

hydrophobicity, and its low electronegativity in comparison

with other halides make the iodide ions have good

chemisorption onto the metallic surface, favoring a better

synergic inhibitor (Chin and Nobe, 1972; MacFarlane and

Smedley, 1986; Jeyaprabha et al., 2006).

Another factor that promotes the adsorption of organic

molecules is the chemisorption of I− ions which is capable of

decreasing the hydrophilicity of metal surfaces. However, this

effect is much less significant than the surface charge effect

(Kuznetsov 1996).

The inhibitor is adsorbed due to the metallic surface’s charge

attraction (Priya et al., 2013), where iodide ions are being

chemisorbed. This electrostatic interaction between the inhibitor

and halide ions makes a greater surface coverage and therefore an

increase in its efficiency (Umoren et al., 2010; Azim et al., 1995).

On the other hand, the cathodic reaction with an inhibitor is

given as follows:

(FeH3O
+r) + I− → (rFeIH3O)ads (12)

(FeIH3Or) + InhNH+
3 → (rFeI InhNH2)ads +H2O +H2

(13)
The synergism parameter (S) between the inhibitor and the

halide ions was calculated using the Aramaki and Hackermann

relation (Obot et al., 2010; Oguzie et al., 2004; Umoren and

Ebenso 2007):

S � 1 − I1+2
1 − IC1+2

, (14)

where I1+2 is the sum of the individual efficiencies of the inhibitor

and halide ions and IC1+2 is the combined efficiencies of the

inhibitor and halide ions. In Table 2, the calculated values for the

synergism parameter are shown. When the value is S > 1, it

indicates that there is a positive synergic effect, and when S < 1, it

prevails an antagonist interaction due to a competitive

adsorption and the halide ions (Obot et al., 2011).

The values at room temperature and 40°C were greater than 1,

indicating the existence of a synergic effect that favorsmetal protection,

while at 60°C, the synergic parameter is equal to 1, suggesting that the

interaction between inhibitor compounds and halide ions has been lost,

but not speeding up the corrosion process in metal.

Potentiodynamic polarization (PDP)
curves for the aerial parts of M. sativa
extract

In Figure 8, the polarization curves for 1018 steel corrosion in

acid media with 500 ppm of M. sativa at different KI

concentrations are shown. An evident decrease in the corrosion

density is observed, and at the same time, the corrosion potential is

displaced to noble potentials when the KI concentration increases,

exhibiting metal protection (Ahamad et al., 2010). During the test,

when 2.5 and 5 mM of KI were added, a slight passivation around

22 and −86 mV, respectively, is observed.

Electrochemical parameters were obtained from the

polarization curves and are shown in Table 3, where Ecorr is

the corrosion potential, log icorr is the corrosion current

density, βa is the anodic slope, βc is the cathodic slope, and

IE is the inhibition efficiency associated to the corrosion

current. It is observed that the corrosion potential becomes

more positive as the KI concentration increases, indicating

that the interaction between the extract and iodide ions

TABLE 2 Synergism parameter calculated for 500 ppmofM. sativa and
the 5 mM KI system.

Parameter System Inh./KI Temperature (°C)

25 40 60

IE (%) 0 ppm, 5 mM 62 58 39

500 ppm, 0 mM 86 62 38

500 ppm, 5 mM 95 92 91

Synergic parameter (S) 500 ppm, 5 mM 1.56 1.31 1.00

FIGURE 8
Polarization curves for 1018 steel corrosion inhibition with
500 ppm of M. sativa and different KI concentrations.
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acts in the anodic process (metal dissolution) (Yaro et al.,

2011).

However, the cathodic slope values increase. Meanwhile, the

anodic slope values vary minimally with the presence of KI,

showing that the corrosion process really affects the cathodic

process (Chauhan and Gunasekaran, 2007).

The corrosion current density increases initially when adding

1 and 2.5 mM of KI; thus, the efficiency values decrease

(Rodríguez Torres et al., 2016). However, by increasing the KI

concentration to 5 mM, the current density decreases and the

efficiency rises to 97%.

Figure 9 shows the polarization curves for corrosion

inhibition of 1018 steel in acid media at 40°C, when 500 ppm

TABLE 3 Obtained values by Tafel extrapolation for 1018 steel corrosion inhibition with 500 ppm of M. sativa and different KI concentrations at
25 ± 2°C.

Inh ppm KI mM Ecorr mV icorr mAcm−2 βa mVdec−1 βc mVdec−1 IE (%) SD

0 0 −419 0.750 35 179 —

500 0 −381 0.060 21 139 92 1.9

500 1 −379 0.080 39 282 89 2.1

500 2.5 −339 0.160 30 244 79 1.6

500 5 −241 0.023 34 238 97 1.2

FIGURE 9
Polarization curves for corrosion inhibition of 1018 steel with
and without 500 ppm of M. sativa and different KI concentrations
at 40°C.

TABLE 4 Electrochemical parameters obtained from the polarization curves for corrosion inhibition of 1018 steel in acid media with 500 ppm of M.
sativa and different KI concentrations at 40°C.

CInh. (ppm) KI (mM) Ecorr mV icorr mAcm−2 βa mVdec−1 βc mVdec−1 IE (%) SD

0 0 −474 4.30 70 249 —

500 0 −401 0.36 28 158 91 1.7

500 1 −440 0.18 77 89 96 2.2

500 2.5 −481 0.15 85 142 96 1.8

500 5 −557 0.14 92 156 97 2.1

FIGURE 10
Polarization curves for corrosion inhibition of 1018 steel with
and without 500 ppm of M. sativa and different KI concentrations
at 60°C.
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of M. sativa and different concentrations of KI are added, where

the current density decreases and the corrosion potential is

displaced to more negative values when the KI concentration

increases. Low passivation around −397 mV for 2.5 and 5 mMKI

concentrations is observed.

Electrochemical parameters obtained from the

polarization curves are shown in Table 4, where it is

evident that by adding KI concentration, efficiency values

increase. There is a low variation in cathodic and anodic

slopes, which indicates that the inhibition process affects

both reactions during the corrosion process (Hazwan

Hussin and Jain Kassim, 2011).

The polarization curves for 1018 steel corrosion with and

without 500 ppm of M. sativa and different KI concentrations at

60°C are shown in Figure 10. It is seen that the corrosion current

density is displaced to lower values according to the curve with

no inhibitor and with no KI and few passivation

around −350 mV for curves when KI was added.

Electrochemical parameters for these polarization curves are

shown in Table 5. There are no significant variations in the

corrosion potential and anodic and cathodic slopes. However, the

corrosion current decreases and the efficiency increases from

21 to 97% as the KI concentration increases.

Weight loss gravimetric technique

For gravimetric tests, we selected 8 hM. sativa residence time to

compare the inhibitor efficiency with and without KI addition. The

obtained values for weight loss of 500 ppm M. sativa are shown in

Figure 11A, proving that by increasing the KI concentration, the

weight loss decreases. However, when the temperature increases, the

weight loss increases too. It is shown in Figure 11B that by adding and

increasing the KI concentration, the inhibitor efficiency increases, and

then it decreases when the temperature increases. However, at 60°C,

when 5mM of KI is added, the efficiency is acceptable with 85%.

Adsorption isotherm model analysis

In order to understand the adsorption phenomena of M.

sativa and KI molecules on the metal surface, the use of

adsorption models are very common (Nwosu et al., 2013;

Christov and Popova, 2004; Eddy and Ebenso, 2008). We

TABLE 5 Electrochemical parameters obtained from the polarization curves for corrosion inhibition of 1018 steel in acid media with 500 ppm of M.
sativa and different KI concentrations at 60°C.

Cinh ppm KI mM Ecorr mV icorr mAcm−2 βa mVdec−1 βc mVdec−1 %IE SD

0 0 −457 10.59 70 208 —

500 0 −468 4.70 50 241 21 2.2

500 1 −443 0.87 73 200 92 1.7

500 2.5 −435 0.56 57 211 94 1.9

500 5 −441 0.28 60 221 97 2.3

FIGURE 11
Effect of KI concentration and temperature on (A)weight loss
and (B) inhibition efficiency for 1018 steel in acid media with
500 ppm of M. sativa.
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used different adsorption isotherms to fit the weight loss results.

These adsorption isotherms contain Langmuir, Freundlich,

Temkin, El-Awady, and Flory–Huggins. From all the

employed isotherms, the best fitting and description of the

adsorption behavior of M. sativa with different KI

concentrations was obtained with the Flory–Huggins

adsorption isotherm, which is represented by:

ln
θ

C
� xln(1 − θ) + ln (xKads), (15)

where Kads represents adsorption at a desorption equilibrium

constant, C is the concentration of M. sativa and KI, x is the

size parameter, and n is a measure of the number of adsorbed

water molecules substituted by given inhibitor molecules. The

covered surface degree θ was calculated using the inhibition

efficiency from weight loss gravimetric technique EIW as

follows:

θ � EIW
100

. (16)

Figure 12 shows the dependence of ln (θ/C) vs. ln (1-θ),
where a good fitting process can be observed. The

adsorption coefficient R2 of M. sativa and KI in the

interface Fe/solution is consistent with (Hazazi et al.,

2014) the Flory–Huggins adsorption isotherm (Nwosu

et al., 2013).

In order to confirm the interaction between the inhibition

concentration and the steel surface, the standard free

adsorption energy ΔG0
ads was calculated using the following

equation:

FIGURE 12
Flory–Huggins adsorption isotherms from 1018 carbon steel in 0.5 M H2SO4 with 500 ppmM. sativa and different KI concentrations at (A) 25°C,
(B) 40°C, and (C) 60°C.
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ΔG0
ads � −2.303RT ln(55.5K), (17)

where R is the gas constant, 55.5 is the molar concentration of

water in the solution, and T is the absolute temperature.

ΔG0
ads values can indicate the inhibitor adsorption type onto the

metal surface. Small values [around -20.0 (Umoren and Ebenso,

2007) KJmol-1 or less negative] indicate a physical adsorption process,

where the attraction and repulsion forces between the inhibitor and

the metal surface prevail. On the other hand, ΔG0
ads values

around −40 kJ·mol-1 or higher indicate a chemical adsorption

process due to the (Tan et al., 2022b) formation of coordination

bonds between the inhibitor and the steel surface (Keleş et al., 2008).

The values were obtained along −32.01 kJ·mol-1 ≥
ΔG0

ads ≤−38.20 kJ·mol-1 at the evaluated temperatures, showing

that the adsorption process of M. sativa extract with KI molecules

is physical. Additionally, the value of ΔG0
ads is negative, indicating

that the adsorption of the inhibitor on the steel surface can proceed

spontaneously (Tan et al., 2022).

Metallic Surfaces analysis by Scanning
Electron Microscope (SEM)

Surface analysis comparative with and with no 500 ppm of M.

sativa and 5mM of KI are shown in Figure 13. In the tests at 25°C ±

2°C (Figure 13A) is evident that when 5mM of KI is added, metal

surface is less damaged and cracking is not present by comparing with

the micrograph with no inhibitor and when inhibitor is added.

However by increasing the temperature to 40°C (Figure 13B) when

KI is added, it can be observed pitting corrosion, this type of corrosion

is one of themost dangerous due tometal structure sensitize provoking

failures in equipment (Pourbaix, 1970; Groysman, 2010; Sarver and

Edwards, 2012). At 60°C (Figure 13C) is shown a less damaged surface

with the appearance of some corrosion products, pitting corrosion is

not present however corrosion products could be covering the pits

generated and hiding them in the micrograph.

Conclusion

The data of electrochemical measurements indicate that M.

sativa with different KI concentrations effectually inhibit the

corrosion of 1018 steel in H2SO4 media. Additionally, the

inhibition efficiency increases from 85 to 95% by adding 5 mMof KI.

The adsorption of M. sativa and KI at the steel interface is

according to Flory–Huggins adsorption. Also, the adsorption of

inhibitor molecules on to the steel surface is mainly through

physical adsorption.

The inhibition efficiency decreases by raising the temperature.

However, even at 60°C, the efficiency remains at 91%.

The addition of iodide ions (I−) revealed that it exerts a

synergistic effect on the corrosion inhibition with the extract of

FIGURE 13
Micrographs of 1018 steel after exposure to acid media with and without 500 ppmM. sativa and 5 mMof KI at different temperatures. (A) 25°C ±
2°C, (B) 40°C, and (C) 60°C.
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M. sativa. However, when temperature increases, the metal

surface becomes susceptible to pitting.
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