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Abstract

The green corrosion inhibitors serve recently as a source of environmentally friendly materials
in the corrosive media. Herein, an environmentally friendly green inhibitor based on Myrtus
communis oil, noted (MCO) was applied for corrosion mitigation of mild steel (MS) surface in
1.0 M HCI solution. The corrosion inhibition characteristics were examined applying weight
loss and electrochemical (Electrochemical impedance spectroscopy and potentiodynamic
polarization) techniques. The results obtained for MCO showed a good inhibition effect on the
mild steel in the 1.0 M HCI solution. Based on the EIS examination, the inhibition efficiency
was found to increase with a corresponding increase in the MCO concentration, and the best
inhibition of 92% occurred at a MCO concentration of 2.5 g/L. The potentiodynamic studies
revealed that investigated MCO acts as mixed type inhibitor, i.e. the corrosion suppression
occurred via retardation of combined cathodic and anodic reactions. The weight loss analysis
proved 93% inhibition efficiency for the acid solution containing 2.5 g/L of MCO. By
enhancing the solution temperature, the steel resistance against corrosion decreased, and the
efficiencies of 93, 87, 84, and 82% were obtained at 303, 313, 323, and 333 K, respectively.
Activation parameters were calculated and discussed. The studied inhibitor obeyed
Langmuir’s adsorption isotherm.
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Introduction

Corrosion affects most industrial sectors and can cost billions of dollars each year [1]. The
industrial processes are exposed to the daily action of acids but sometimes also bases. They
act as corrosive agents. However, acids play an important role in the industry, especially in
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cleaning systems in food industries, crude oil refining, acid pickling, industrial cleaning,
acid scaling and petrochemical processes [2].

The corrosion of metals is a major problem that must find solutions for economic,
safety and environmental reasons. It can be minimized by appropriate strategies that aim to
quench, delay and completely stop anodic, cathodic or both reactions [3].

Most synthetic compounds have a good anticorrosive action, but most of them are
highly toxic to humans and the environment. These inhibitors can cause temporary or
permanent damage to the organ system such as kidneys, liver, or disrupt enzymatic
systems in the body [4].

Organic molecules extracted from plants appear as an alternative tool in the field of
corrosion inhibition because of their biodegradability, availability and non-toxicity. As a
result, several researchers have focused on the potential use of these green inhibitors for
about ten years [5-8].

Various natural substances have been tested as corrosion inhibitors of steel in acidic
medium [9, 10]. Of these, the essential oils of Foeniculum vulgare [11], of cedar [12],
lavender [13], thym [14], mint [15], Artemisia mesatlantica [16].

Based on the literature that we consulted, it appears that no study has been made on
the anticorrosive activity of the essential oil of Myrtus communis. In this work, the
corrosion of mild steel in hydrochloric acid was monitored in the absence and in the
presence of the essential oil of Myrtus communis leaves by gravimetric measurements and
electrochemical measurements (potentiodynamic polarization and electrochemical
impedance spectroscopy).

Experimental

Plant material

The essential oil used in this study is extracted from the leaves of Myrtus communis which
were harvested in the Sidi Ahmed Cherif (Ouezzane, Morocco), and then dried in the shade
in a dry and ventilated place for two weeks.

Electrodes and chemicals and test solution

Corrosion tests have been performed, using the gravimetric and electrochemical
measurements, on electrodes cut from sheets of carbon steel with the chemical
composition: 0.370% C, 0.230% Si, 0.680% Mn, 0.016% S, 0.077% Cr, 0.011% Ti,
0.059% Ni, 0.009% Co, 0.160% Cu, and the remainder iron. The aggressive medium of
hydrochloric acid used for all studies were prepared by dilution of analytical grade 37%
HCI with double distilled water. The concentrations of MCO used in this investigation
were varied from 1, 1.5, 2, 2.5 g/L.
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Gravimetric measurements

Gravimetric measurements were realized in a double walled glass cell equipped with a
thermostat-cooling condenser. The mild steel specimens used have a rectangular form with
dimension of 2.5x2.0x0.2cm was abraded with a different grade of emery paper
(320-800-1200) and then washed thoroughly with distilled water and acetone. After
weighing accurately, the specimens were immersed in beakers which contained 100 ml
acid solutions without and with various concentrations of MCO at temperature equal to
303 K remained by a water thermostat for 6 h as immersion time. The gravimetric tests
were performed by triplicate at same conditions. The corrosion rates (Cg) and the
inhibition efficiency (nw %) of mild steel have been evaluated from mass loss measurement
using the following equations:

_Gr—Cr

Nw C—RXIOO 1)
1 G (%)
0=1 che‘—loo (2)

where Cr and C;, are the corrosion rates of the mild steel in hydrochloric acid without and

with the studied range of the MCO concentrations, respectively, 0 is the degree of surface
coverage.

Electrochemical measurements

Electrochemical measurements, including stationary methods (PDP) and transient (EIS)
were performed in a three-electrode cell. Pure mild steel specimen was used as the working
electrode, a saturated calomel (SCE) as reference and an area platinum as counter electrode
(CE) were used. All potentials were measured against SCE. The working electrode was
immersed in a test solution for 30 min until the corrosion potential of the equilibrium state
(Ecorr) Was achieved using a type PGZ100 potentiostat. The potentiodynamic polarization
curves were determined by a constant sweep rate of 1 mV/s. The measurements of the
transitory method (EIS) were determined, using ac signals of amplitude 10 mV peak to
peak at different conditions in the frequency range of 100 kHz to 10 mHz. The data
obtained by EIS method were analyzed and fitted using graphing and analyzing impedance
software, version Zview2. For PDP method, the inhibition efficiency of the studied
compound was calculated using the following equation:

Nepp (%6) = {1 —'gﬂ} x100 (3)
corr
where i, and i, are the corrosion rates in the presence and absence of inhibitor,

respectively. The impedance diagrams were determined by EIS method. To confirm
reproductibility, all experiments were repeated three times and the evaluated inaccuracy
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does not exceed 10%. For EIS method, the inhibition efficiency was calculated using the
following equation:

R. . —-R
Nes(%) = 2P 15100 (4)
R|0(inh)

where R, and Ry were the polarisation resistance of mild steel electrode in the
uninhibited and inhibited solutions, respectively.

Results and discussion

Polarization results

The effects of MCO on the corrosion reactions of mild steel in 1.0 M HCI solution were
determined by polarization measurements. Figure 1 represents the potentiodynamic
polarization curves of mild steel in 1.0 M HCI solution in the absence and presence of
different concentrations of MCO. The PDP parameters including, corrosion current
densities (icorr), CcOrrosion potential (Ecor), cathodic and anodic Tafel slopes (B and B,) and
corrosion inhibition efficiencies nyp, Were calculated and presented in Table 1.
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Figure 1. Potentiodynamic polarization curves for mild steel in 1 M HCI solution in the
presence and absence of different concentrations of MCO at 303 K.

As shown in Figure 1, the addition of MCO results in reducing both anodic and
cathodic currents and without changes in the E.,, value, indicating that MCO is a mixed-
type inhibitor. Consequently, we can state that the mechanism of corrosion reactions does
not change in presence of the inhibitor and the inhibition action is achieved by a simple
blocking mechanism [17, 18]. Thus, all the calculations in our study were based on this
assumption.
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The inspection of Table 1 suggests that the values of corrosion current density (icor)
decreases more and more with increasing inhibitor concentrations. This observation
suggests that MCO can effectively protect the MS dissolution in 1.0 M HCI solution
[19, 20].

Table 1. The electrochemical parameters calculated by the PDP technique for the corrosion of mild steel
in 1 M HCI in the absence and presence of different concentrations of MCO at 303 K.

Inhibitor Conc. —Ecorr —Be Ba Icorr NTafel
(9/L) (MV/SCE) (mV-dec™?) (mV-dec™?) (pA-cm™) (%)
Blank - 496.0 162 113 564.0 -
1.0 496 173 137 253 55
15 495 171 140 193 65
MCO
2.0 494 174 135 108 80
2.5 493 175 141 47 91

Electrochemical impedance spectroscopy (EIS)

Figure 2 represents the Nyquist plots for mild steel in the absence and presence of MCO in
1.0 M HCI at 303 K. It can be observed that all the impedance spectra obtained display one
single depressed semicircle, which indicates that the corrosion process is related to the
charge transfer process [21, 22]. The depression in Nyquist semicircles may be due to
frequency dispersion, inhomogeneities, and roughness of metal surface and substance
transmission actions [23, 24]. The similarity in the shapes of Nyquist plots in the absence
and presence of inhibitor reveals that the corrosion mechanism is unaffected by the
addition of the MCO. Furthermore, the diameter of the semicircles in the presence of MCO
is very larger than that observed in uninhibited solution and increases with increasing
inhibitor concentration, which may be due to the formation of protective film on mild steel
surface and consequently reduction in corrosion rate [25].

The impedance spectra were analyzed by fitting to the equivalent circuit model shown
in Figure 3, which has been used previously to adequately model the mild steel/acid
interface [26, 27]. Where R is the solution resistance, R denotes the charge-transfer
resistance and CPE is constant phase element. The introduction of CPE into the circuit was
necessitated to explain the depression of the capacitance semicircle, which corresponds to
surface heterogeneity resulting from surface roughness, impurities, and adsorption of
inhibitors [28]. The impedance of this element is frequency-dependent and can be
calculated using the Equation [29]:

1

Zpg = o) (1)
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Figure 2. Nyquist plots for carbon steel in 1 M HCI solution containing various concentrations
of MCO at 303 K.

Where Q is the CPE constant (in Q*-S™cm™), o is the angular frequency (in rad-s™),
j> = —1 is the imaginary number and n is a CPE exponent which can be used as a gauge for
the heterogeneity or roughness of the surface [30, 31]. In addition, the double layer
capacitances, Cq, for a circuit including a CPE were calculated by using the following

Equation 6:
Cy =YQxR™ (2)

Rs CPE
RP

Figure 3. Equivalent electrical circuit.

Table 2. Impedance parameters recorded for mild steel electrode in 1 M HCI solution in the absence and
presence of different concentrations of inhibitor at 298 K.

- conc. Ret Q-10™ Cal N
Inhibitor /1y (@-cm?) N @ lem?)  (uF-em) (%)
Blank - 29.35 0.91 1.7610 91.63 -

1.0 73 0.83 1.3539 52 59

15 103 0.84 0.8755 35 71
MCO

2.0 198 0.86 0.4548 21 85

2.5 376 0.85 0.3761 17 92
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From results presented in Table 2, the polarization resistance, R, increases gradually
with concentration of inhibitor, which is accompanied of decrease in values of the double
layer capacitance Cgy, suggests that the adsorption surface increases with concentration of
the inhibitor and there by supply excellent barrier towards charge transfer reactions at the
metal—solution interface [32]. The inhibition efficiency evaluated from R, values are
established the same trend determined from polarization experiments results.

Adsorption isotherm

Basic information on the interaction between the inhibitor and the MS surface can be
provided by adsorption isotherm. The Langmuir model was found to be the best fit among
various tested isotherms (Frumkin, Freundlich and Temkin) and consequently the good
descriptor for adsorption of the MCO on the MS surface [33].

Cinh — 1

0 K + Cinh (3)

ads

Where C;,y is the concentration, K,gs is the equilibrium constant of the adsorption process.
Kags are related to the standard free energy of adsorption AGY,. by the following equation

ads
[33]:
AG?_ =-RT In(K

ads —

x999) (4)

ads

Where R represents the gas constant and T is the absolute temperature. The value of 999 is
the concentration of water in solution in g/L.
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Figure 4. Langmuir adsorption of inhibitor on the mild steel surface in 1 M HCI solution at
303 K.
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If we assume that the major component plays the principal role in inhibition, then
adsorption obeys to Langmuir isotherm. But, generally in this kind of green inhibitors
(natural plants: oil or extract), inhibitory action is related to the intermolecular synergistic
effect if the various components of natural oil or extract [33]. It is safely recommended to
not determine AGJ,, value since the mechanism of adsorption remains unknown.

Weight loss study

Effect of concentration

Weight loss measurements of the MS in 1 M HCI in the absence and the presence of
different concentrations of the studied inhibitor were carried out at 303 K and the results
are reported in Table 3. As shown from the results, the corrosion rate of the MS decreased
in the presence of the additive and the inhibition efficiency increased with an increase in
the concentration of the inhibitor. The values of inhibition efficiencies calculated from the
weight loss method are in good agreement with those calculated by the polarization and
EIS methods.

Table 3. Effect of MCO concentration on corrosion data of mild steel in 1 M HCI.

. Conc. Cr n
Inhibitor (g/L) (mg-cm_z-h‘l) (%) o
Blank — 1.135 - -
1.0 0.419 63 0.63
15 0.295 74 0.74
MCO
2.0 0.181 84 0.84
2.5 0.079 93 0.93

Effect of the temperature

Generally speaking, the impact of temperature on the corrosion process of metal in
aggressive solution is complex, because many changes occur on the metal/solution
interface, such as rapid etching, desorption of inhibitor and the decomposition or
rearrangement of inhibitor itself [34—36]. In order to study the effect of temperature on the
inhibition performance of MCO, weight loss measurements were performed in 1.0 M HCI
in the absence and presence of 2.5 g/L of inhibitor from 303 to 333 K. Results obtained
after 6 h exposure time are presented in Table 4. The results obtained from Table 4, reveal
that the corrosion rate increased with increase in temperature in both uninhibited and
inhibited solution. Also, the inhibition efficiency is observed to decrease with increase in
temperature.
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Table 4. The results of the temperature effect of carbon steel corrosion performed in 1 M HCI and with
2 g/L of MCO.

_ Temperature Cr n
Inhibitor (K) (mg-cm 2-h) (%) 0
303 1.135 - -
313 2.466 — -
Blank
323 5.032 - -
333 10.029 - -
303 0.079 93 0.93
313 0.301 87 0.87
MCO
323 0.804 84 0.84
333 1.776 82 0.82

The decrease in inhibition efficiency with temperature might be attributed to
desorption of the inhibitor molecules from the metal surface at higher temperatures
[37, 38].

The dependence of corrosion rate on temperature can be expressed by Arrhenius
equation [39]:

Ci = Aexp[—g—_?_] (5)

Where E, represents apparent activation energy, R is the gas constant, A is the pre-
exponential factor. The values of E, were calculated by linear regression between In(Cg)
and 1/T (Figure 5). The value of E, (Table 5) for inhibited solution is higher than that for
uninhibited solution. The higher value of E, in presence of inhibitor indicates that more
energy barrier is required for the corrosion reaction to occur [40].

Thermodynamics of mild steel corrosion in 1M HCI are calculated using an
alternative formula of the Arrhenius equation [39]:

Ck :ﬂeXpLASa]exp[— AHaj (6)

Nh R RT

Where h is Planck’s constant, N is the Avogadro number, R is the universal gas constant,
AH, is the enthalpy of activation and AS, is the entropy of activation. Figure 6 shows that
the Arrhenius plots of In(Cg/T) versus 1/T gave straight lines with slope (—AH./R) and
intercept (In(R)/Nh + AS,/R) from where AH, and AS, values were calculated.
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Figure 5. Arrhenius plots of In(Cg) vs. 1/T for mild steel in 1 M HCl in the absence and the
presence of MCO at optimum concentration.
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Figure 6. Relation between In(Cg/T) and 1000/T at different temperatures.

The positive values of AH, in the presence and absence of inhibitor reflect the
endothermic nature of steel dissolution. The higher values of AS, might be the result of the
adsorption of inhibitor molecules from the 1 M HCI solution, which could be regarded as a
quasi-substitution process between these molecules in the aqueous phase and water
molecules on the mild steel surface [41].
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Table 5. Activation parameters for the mild steel dissolution in 1 M HCI in the absence and the presence
of 2 g/L of MCO.

- E, AH, AS,
Inhibitor (k3/mol) (kd/mol) (J3-mol K1) Ea—AHa
Blank 31.00 28.35 98.8 265
25 g/ MCO 51.03 48.38 61.11 265
Conclusion

From the results obtained we can be concluded that MCO acted as efficient corrosion
inhibitor for mild steel in 1 M HCI solution. The polarization resistance (R,) increases and
the double layer capacitance (Cq) decreases due to adsorption of the inhibitor molecules on
the surface of mild steel. The polarization studies showed that the studied inhibitor acts as
mixed inhibitor. The adsorption of the inhibitor on mild steel surface obeys the Langmuir
adsorption isotherm.
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