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Acid extract of leaves of (Mahogany) Khaya senegalensis (LKS) plant was investigated as inhibitor for
the corrosion of C-steel in 1.0 M HCI. Several methods were used to investigated the efficiency of
LKS i.e. weight loss measurements, scanning electronic microscope, polarization curves and
electrochemical impedance spectroscopy. Amount of corrosion in carbon steel and the inhibition
effectiveness of the extract were determined. The results obtained show that the extract could be
considered as a good inhibitor for the corrosion of C-steel in HCI media. Inhibition was found to
increase with increasing concentration of the LKS. Studies were carried out at different concentrations
of LKS and at various temperatures. Polarization study shows that LKS extract acts as a mixed-sort
inhibitor with a major cathodic effectiveness. The increase in concentration of Mahogany extract
shows a positive effect on inhibition efficiency while corrosion of the carbon steel increased with a rise
in temperature both in the presence and absence of the LKS extract. Activation parameters were
calculated. Surface of C-steel was investigated using scanning electron microscope (SEM).
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1. INTRODUCTION

The beginning and spread of corrosion are major anxieties in various industries. As a result,
corrosion inhibitors are frequently used to defend metals and alloys against corrosion. Man-made
organic compounds having electronegative groups, heteroatoms and n electrons in double or triple
bonds are frequently used to diminish the corrosion occurrence on steel in acidic media [3-
13]. However, due to the health and environmental concerns, there has been an increase in formulating
new inhibitors that could be less harmful to the environment and human health but equally to achieve
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better corrosion protection. Therefore, green inhibitors have been extensively investigated for
corrosion control in recent years. These green inhibitors are natural organic compounds and can be
either manufactured or extracted from medicinal plants and herbs. The latest trends in the corrosion
control seem to be shifting towards the use of plant extracts such as Pistachio essential oils, Ginger,
Lavender oil, Limonene etc. This is due to their good combination of properties such as stability, price,
ease of extraction, treatment, etc. Among the various plant extracts, those which contain atoms with
high electronegativity is known as having probably the best protection [14-16].

Extracts of plants are usually contain huge amounts of natural components. Simple and cost
effective procedures can be carried out to extract these biodegradable components. The use of these
natural compounds extracted from different parts of plants as corrosion inhibitors have been reported
by numerous authors [14-16]. Most of these products are nontoxic and biodegradable. Several
researchers have inspected the effect of corrosion inhibition of extracts of natural substances such as
Emilia Sonchifolia, Vitex Doniana extracts [17], agueous extract of Hyptis Suaveolens leaves [18],
Mansoa alliacea extract [19], Hibiscus Sabdariffa extract [20], Acacia senegal [21], Artemisia [22],
These compounds showed high efficiency of inhibition for carbon steel in HCI medium.

The objective of this study was to study the corrosion behaviour of carbon steel in hydrochloric
acid solution (1.0 M) in the presence of Mahogany leaf extract by weight loss, potentiodynamic
polarization, electrochemical impedance and scanning electronic microscope. Furthermore, some
thermodynamic parameters were evaluated.

2. EXPERIMENTAL SECTION

2.1 Materials preparation and solutions

A carbon steel with the following composition (in wt%) was used during all experiments 0.370
% C, 0.230 % Si, 0.680 % Mn, Ti, 0.054 %, 0.016 % S, 0.077 % Cr, 0.015 % Ni, 0.009 % Co, 0.160 %
Cu and the rest is iron (Fe). 1.0 M hydrochloric acid was prepared by dilution of an Analytical Grade
37% HCI with deionized water. A molar hydrochloric acid solution was used throughout all
experiments in the absence and presence of various concentrations of Mahogany extract (LKS).

The leaves of Mahogany were collected and dried in shade so as to augment the active sites in
them, by decreasing their moisture content. 10.0 g of powdered dry leaves were refluxed in 500 mL of
1.0 M HCI for 4 h, kept overnight and filtered. The filtrate was made up to 1.0 L using the same acid
and this was taken as stock solution of Mahogany extract (LKS). The concentration range of
Mahogany Extract (LKS) employed was 0.25 to 2.0 g/L in 1.0 M hydrochloric acid. The carbon steel
samples were pre-treated before the tests by cleaning with emery paper SiC (320, 800 and 1200);
rinsed with bi-distilled water, washed in acetone in an ultrasonic bath immersion for 6 min, rinsed
again with bi-distilled water and then dried at room temperature before use.
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2.2 Gravimetric analysis

The carbon steel specimens of 2.0 cm x 1.0 cm x 0.5 cm sizes were pre-treated and weighed
accurately using an analytical balance (precision + 0.1 mg) before each immersion; the specimens were
immersed in 100 ml of hydrochloric acid in the absence and presence of various concentrations of
LKS. After immersion period (6h), the steel samples were withdrawn, prudently washed with bi-
distilled water, ultrasonic cleaning in acetone, dried at room temperature and then weighed. Each
experiment was repeated three times and the mean value was calculated.

2.3 Polarization curves

All measurements were carried out by using a potentiostat model (PGstat 302N). This
potentiostat is linked to a cell with three electrode thermostats. An auxiliary electrode (Pt electrode)
and reference electrode {saturated calomel electrode (SCE)}. The third one is the working electrode
which was built from the same material that used for weight loss tests. The surface area exposed to the
electrolyte was 0.32 cm? Potentiodynamic polarization curves were carried out at scan rate of 1.0
mV/s. In each experiment, the potential was stabilized at free potential for 45 minutes. The
polarization curves are obtained from —800 mV to —200 mV/SCE at 293K. So as to examine the
effects of immersion period and temperature on the efficiency of LKS, some experiments were made
in a temperature range 293-313K. The inhibition efficiencies (%) for potentiodynamic polarization
measurements were determined as follows:

El (%) = 1°or — lcor X 100 (1)

IOcor
where 1°,; and I are the corrosion current densities in absence and presence of LKS.

2.4 Electrochemical impedance spectroscopy (EIS)

Measurements of (EIS) electrochemical impedance spectroscopy were carried out with the
same poteniostat used for the polarization measurements. Quasi-potentiostatic polarization curves were
achieved using a scan rate of 1 mVs ' at E after immersion in solution. After the determination of
steady-state current at a corrosion potential, sine wave voltage (10 mV) peak to peak, at frequencies
between 100 kHz and 10 mHz were superimposed on the rest potential. Measurements were performed
after 45 minutes of exposure under open-circuit potential.

Nyquist representation gave impedance diagrams. All experiments are repeated three times in
order to confirm the reproducibility.

Inhibition efficiencies (%) were calculated as follows:

EI (%) =R~ R, x 100 @)

Ri
where R; and R{: are the charge transfer resistance values without and with inhibitor,

respectively.
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2.5 Surface analysis

The steel samples used for the surface morphology examination were immersed in 1.0 M HCI
in the absence and existence of 2.0 g/L. LKS extract at 20 °C for 24 h. The analysis was accomplished
by means of a Jeol 6360 (Japan) scanning electron microscope. Accelerating voltage of 20 kV was
used.

3. RESULTS AND DISCUSSION

3.1 Weight loss tests

The spontaneous dissolution of C-steel in 1.0 M HCI in the presence of LKS as corrosion
inhibitor was studied by gravimetric measurements.

Table 1. Weight loss and inhibition efficiency of Mahogany extract at 293 K

Conc. (g/L) v (mg.cm2h™?)  Elyw (%) 0
Blank 158 - )
0.25 0.62 60.8 0.608
0.50 0.35 778 0.778
1.00 0.27 82.9 0.829
2.00 0.14 91.1 0.911

Table 1 presents the corrosion rate of the C-steel samples in HCI acid medium without and with
various concentrations of LKS after 6 hrs of immersion at 293 K. The results revealed that the
corrosion rate is decreased as the extract concentration increased, i.e. the corrosion resistance was
improved with increasing extract concentration. The measurement of weight loss was used to
determine inhibition efficiency (IE%) of LKS using the following equation:

IE% = w, - w; x 100 3)

Wo

where w, and w; are the mass losses in the absence and existence of extract respectively. It was
observed that LKS reaches its maximum inhibition efficiency at 2.0 g/l. It has also noticed that an
increase of inhibitor concentration over 2.0 g/L has no effect on corrosion combating. It is obvious
from Table 1 that the LKS can protect carbon steel in acidic medium at room temperature. This result
is due to fact that the amount of inhibitor that adsorbed on the surface of specimen is increased as the
inhibitor concentration increases [23].
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3.2 Tafel polarization curves
The potentiodynamic polarization curves for C-steel in 1.0 M HCI solution at 293 K in the

existence of different concentrations of LKS are shown in Fig. 1.

Table 2. Electrochemical parameters obtained at different concentrations of LKS in 1.0M hydrochloric

acid at 293 K
conc. (g/L) leor(nA/cm?®)  Ecor (MVISCE) b, (MV/dec)  -b. (mV/dec) Eljcor (%)
Blank 743 -450 133 166 --
0.25 332 -510 108 135 55.3
0.50 157 -516 104 133 78.9
1.00 123 -520 110 147 83.4
2.00 82 -516 109 136 89.0

Table 2 reveals that both cathodic and anodic current densities are reduced with the extract
increase. This proves that the addition of LKS diminishes metallic dissolution and consequently

hinders the reaction that produces hydrogen gas [24,25].
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Figure 1. Polarization curves of C-steel in 1.0 M HCI in the existence of various concentrations of
LKS at 293K

Electrochemical corrosion kinetics factors, for example, corrosion potential (Eco), cathodic
cathodic Tafel slopes (bc), anodic Tafel slopes (b,) and corrosion current density (lcor) as well as
inhibitor efficiency are given in Table 2. The anodic (b,) and cathodic (b;) Tafel slopes did change
with the increasing of LKS concentration indicating that the mechanism is not affected by addition of
inhibitor. Anodic oxidation reaction and cathodic evolution of hydrogen gas are diminished by
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blocking the active sites in the surface of carbon steel by components of inhibitor. It has been reported
that the inhibitor can be classified as cathodic or anodic if the displacement of E. is <85 mV,
otherwise the inhibitor can be considered as mixed type [26,27]. In this study, the maximum
displacement in E,r value was 66mV for LKS extract which indicates that the inhibitor acts as mixed
sort inhibitor with major anodic effectiveness. It is concluded from the data of Table 2 that the addition
of LKS extract reduces obviously the corrosion current density. This behavior proves its capability to
inhibit the corrosion of carbon steel in HCI solution.

Table 3. Electrochemical Impedance parameters for corrosion of C-steel in acid medium at various
contents of LKS

Conc. (@/L) Ri(Q.cm?) Cg(uF.cm?®) Eg(%)

Blank 18 98.27 --
0.25 45 48.37 60.00
0.5 90 18.18 80.00
1.0 122.5 3.70 85.30
2.0 143 2.47 87.41

It is obvious that the inhibitory effect is enlarged as the concentration of LKS increases. The
anodic (ba) and cathodic Tafel constants (bc) are, almost, not affected by addition of LKS, which
shows that the hydrogen production mechanism does not change by LKS addition. The results attained
by electrochemical and weight loss measurements are in excellent agreement.

3.3 Electrochemical impedance spectroscopy (EIS) measurements

Another investigation of inhibitory effect of LKS extract was performed by using EIS
measurements. Nyquist plots obtained for carbon steel in 1.0 M HCI solutions in the absence and
existence of various concentrations of LKS at 293K are shown in Fig. 2.
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Figure 2. Nyquist plots for C-steel in the absence and existence LKS at E., after 45min of immersion
at 293K
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Fig.2 shows that each impedance diagram exhibits only one capacitive loop, which shows that
the steel corrosion is mostly controlled by a charge transfer process. These capacitive loops in acid
solution are not perfect semicircles. This phenomenon can be ascribed to the frequency dispersion
effect as a consequence of the inhomogeneous and roughness of surface of the electrode [28-33]. The
impedance parameters obtained from Fig.2 are shown in Table 3. Charge transfer resistance presented
by diameter of Nyquist plots increases as LKS concentration increases. This proposed that the
inhibitive film formed on the electrode surface was strengthened by addition of the extract.

The increase in inhibitory effect of LKS as its concentration increases can be ascribed to the
increase in the number of adsorbed organic particles on the surface of the C-steel.

The results obtained from EIS are almost identical to those obtained by using polarization
curves and weight loss procedures.

3.4 Effect of temperature
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Figure 3. Potentiodynamic polarization curves of C-steel in 1.0 M HCI at different temperatures
The effect of temperature in the range 293-313 K is given in Table 4.

Table 4. Various electrochemical parameters for C-steel in 1.0 M HCI in absence and existence of
2.0g/L of LKS at different temperatures

ba -bc

Concentration T (K) Ecor (MV/SCE)  leor(nA/em?) (mV/dec) (mV/dec) Elicor (%)

293 -512 743 133 166 -
Blank 298 -519 1893 137 165 -
308 -525 3109 131 137 -
313 -532 5023 125 125 -

293 -543 82 109 136 89.0

20glL 298 -552 254 112 151 86.0

' 308 -563 539 120 162 82.6

313 -571 998 123 174 80.1
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Thermodynamic activation parameters of the corrosion processes were calculated from
measurements of polarization which were carried out at different temperatures in the existence and
absence of LKS at 2.0 g/L (Figs.3 and 4).

It is obvious from the results that the corrosion rate increases as the temperature of uninhibited
solution increases.
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Figure 4. Potentiodynamic polarization curves of C-steel in 1.0 M HCI in the presence of 2.0 g/L of
LKS inhibitor at different temperatures

The presence LKS leads to a reduction in the corrosion rate. It is also observed that the
inhibitory action of inhibitor is slightly increased at elevated temperatures. This can be attributed to
desorption of the some molecules from the surface of C-steel at high temperatures.

Table 5. Activation parameters E,, AH, and AS ;" for C-steel in 1.0 M HCI in the absence and

existence of 2.0 g/L of LKS
Ea (kJmol®)  AH, (kd.moll)  AS. (ImoltK?')  Ea-AH,(kJ/mol)
Blank 2.7 70.2 -329.8 2.5
2.0g/L 95.6 93.1 -389.3 2.5

Thermodynamic parameters for the corrosion process were evaluated from Arrhenius equation
(EqQ. 5) and Erying equation (Eqg. 6) [34,35]

leor = Ae(-Ea/RT) (5)

where I is the corrosion current density, E, is the apparent activation energy, A is the
frequency factor and R is the gas constant.

. Icor_ —AH= kB | A%
n—0= AT +iﬂT+ T (6)
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where h is Planck’s constant, N is Avogadro’s constant, ASa” is the entropy change of
activation, and AHa" is the enthalpy change of activation. Figs. 5 and 6 are plots of In (lcor) Versus
10*/T and In (Ie/T) versus 10%/T, respectively, in the existence and absence of optimum concentration
of LKS. Values of E,, AHa" and ASa " are shown in Table 5. From this table, the values of AHa" and
E. were higher in the presence of LKS than those obtained in the absence of LKS, meaning that the
energy barrier of the corrosion process increased in the existence of LKS without altering the
mechanism of dissolution [36].
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Inl cor® Aem

10007, K™

Figure 5. Arrhenius plots of steel in 1.0 M HCI with and without 2.0 g/L of LKS

The large negative value of entropy ASa ~ in the existence of LKS implies that the rate
determining step represents an association instead of a dissociation step, indicating that a reduction in
disordering takes place on going from reactants to the activated complex [37]. In the existence of
inhibitor, it can be noticed that the values of E, and AHa* vary in the same way (Table 5). These
results permit to verify the known thermodynamic relation between the E, and AHa ™ [38]:

AH. = E,—RT (7)

Egs. (6) and (7), were used to determined values of enthalpy of activation. These values were
found to be nearly the same, proving the relation mentioned above.
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Figure 6. Relation between In(leo/ T) and 10%/T
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3.5 Adsorption isotherm

The behavior of adsorption LKS on the electrode surface can help in understanding the
mechanism of inhibition.

cililm

Cinh: 9/b

Figure 7. Langmuir isotherm adsorption of LKS on the C-steel electrode in 1.0 M HCI

The extent of surface coverage (0) at various concentrations of LKS in hydrochloric acid 1.0 M
has been assessed using electrochemical impedance spectroscopic measurements, where 0 is the ratio
ERt (%)/100. Plots (Cinh/0) versus Cinh give a straight line (Fig. 7) with correlation coefficient nearly
equal to 1 and slope of 1.08. The obtained plot clearly shows that the results exhibit good fitting with

Langmuir adsorption isotherm which obeys:

c., 1
i _Z 4 C, 8
9 kads " ( )

where Cin, is the concentration of LKS and kags is the adsorption equilibrium constant of the
adsorption process.

3.6 Surface analysis

The surfaces of some C-steel samples were investigated by uing scanning electronic
microscope (SEM). Surfaces that were immersed in 1.0 HCI for 24 hours in the absence and in the
presence of 2.0g/L of LKS extract at 25 °C are shown in Figs. 8A and 8B, respectively.

The morphology in Fig. 8A shows that the C-steel surface is strongly corroded with a lot of
pits, characteristic of the pitting corrosion [33]. In the existence of the LKS (Fig. 8B), a smooth surface
with less pits and cracks can be seen, proving that the surface was protected, hence LKS extract can be
considered as a good inhibitor for C-steel corrosion in aggressive HCI media.
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Figure 8. SEM micrographs (1700x) of C-steel immersed in 1.0 M HCI in the absence (a) and
presence of 2.0 g/L of LKS (b)

From the above results; it is concluded that Mahogany extract acts as effective, natural and
environmentally friend corrosion inhibitor for carbon steel in 1.0 M HCI solution. The potentiostatic
polarization results reveal that Mahogany extracts acted as a mixed sort inhibitor with predominant
cathodic efficiency. The inhibition efficiencies of LKS obtained by EIS, polarization and gravimetric
methods were in good agreement where the highest inhibition is about 87.41-90.18%. Adsorption of
Mahogany extract on the surface of carbon steel was found to follow the Langmuir isotherm model.
Moreover, the efficiency of LKS on corrosion combating was confirmed by using scanning
microscope.
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