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Abstract: In this paper research, the inhibition effect of Eucalyptus Botryoides essential oil (EO) on
the corrosion of C38 steel in hydrochloric acid solution was investigated. Gravimetric method and
electrochemical measurements, SEM morphology, and EDS analysis were used to verify this effect.
The gravimetric results were showed that the concentration effect decreases the corrosion rate of C38
steel, which was confirmed by the electrochemical measurements. The potentiodynamic polarization
results were exhibited that the EO inhibits the anodic and cathodic sites on the metal surface, and the
EIS results were showed that the EO decreases the charge transfer at the interface metal/solution,
without change the mechanism. The inhibition efficiency was found in order of 90 % at a maximum
concentration of 2.4 g/L. SEM morphology and EDS analysis were proved the effective inhibition of
EO by forming a protective film. The temperature effect was also realized, and the results show that the
EO is also an effective inhibitor at high temperatures. These findings will have significant results in
regard to industrial applications.
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1. Introduction

The protection of carbon steel against the corrosion phenomena has been widely studied
by different methods[1-8], but the inhibition method remains one of the most used methods
due to the economic and environmental considerations. That is why different actions must be
taken into account when using the inhibitor in industrial sectors, such as toxicity for the
environment and human health. In industry, especially the use of acidic media for pickling and
cleaning of steel, the degradation of carbon steel is a real problem. Either way, synthetic
inhibitors have been investigated, where organic molecules tend to adsorb to the metal surface,
due to the molecular structure that contains polar sites of heteroatoms and the conjugate bonds,
aromatic rings, which serve to block the active sites on the metal surface, but the disadvantage
that the majority are not eco-friendly. And recently, essential oils have gained attention as a
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resource of eco-friendly natural products. They have been preferred for their potential uses as
an antibacterial inhibitor and as a chemical additive for corrosion protection [9,10]. Indeed,
essential oils of Eucalyptus species have been exploited, and many studies have demonstrated
their antimicrobial properties against a wide range of microorganisms, but their anti-corrosion
properties, only a few studies have exploited these properties. In previous studies[11,12], they
studied Eucalyptus as a green corrosion inhibitor against the degradation of C38 steel in
aggressive solutions. The results obtained showed a positive sign of corrosion inhibition.
Through these studies, the authors link the effect of essential oil on corrosion protection to
natural species such as oxygenated monoterpenes and sesquiterpenes, monoterpene
hydrocarbons, and ketones. Our research has focused on finding an inhibitor characterized by
its antibacterial and anti-corrosive inhibition. We are interested in studying the inhibitory effect
of Eucalyptus Botryoides on the deterioration of C38 steel in a hydrochloric acid solution (1M
HCI), which has not been tested before, using different techniques and methods, such as weight
loss, potentiodynamic polarization, and electrochemical impedance spectroscopy methods
(EIS), scanning electron microscopy (SEM) and energy-dispersive spectroscopy analysis
(EDS).

2. Materials and Methods
2.1. Extraction of essential oil.

The Essential Oil (EO) of Eucalyptus Botryoides was performed by hydrodistillation in
a Clevenger-type apparatus[13]. The method applied is that described in the European
Pharmacopoeia in 2008 and according to the 2008 recommendations of the French Health
Products Safety Agency. We performed three distillations by boiling 200 g of vegetal material
cut with pruning shears and introduced into a 2-liter flask containing 1 liter of water. The
extraction time is of the order of 3 hours on average. The (EO) obtained is dehydrated with
anhydrous sodium sulfate and then stored at a low temperature (below 4 °C) and in the dark
before use. Then, it was diluted in methanol (1/20 v/v) prior to analysis by GC and GC/MS
according to AFNOR standard; the chemical compositions of the EO are shown in Table 1.

2.2. Materials.

The material used in this study was C38 steel with the composition of (0.179% C,
0.165% Si, 0.439% Mn, 0.203% Cu, 0.034% S, and Fe balance). Before each test, the samples
were polished with emery paper grade from 180 up to1200, washed and degreased with distilled
water and acetone, respectively. For electrochemical measurements, the working electrode was
with a surface area of 1 cm?, and for weight loss studies, the dimension of the samples was
2x1x0.3 cm®.

2.3. Preparation of the solutions.

EO inhibitor was prepared in the dilution Hydrochloric acid HCI (1M) from an
analytical grade 37% HCI, with these concentrations 0.1 g/L, 0.6 g/L, 1.8 g/L, 2.4g/L. The anti-
corrosion effect of the inhibitor was compared with the dilution Hydrochloric acid (1M), in the
absence of the EO (blank solution).
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2.4. Electrochemical measurements.

The anti-corrosion effect of the EO on the C38 steel was approved by using the
electrochemical measurements, such as the potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS). For that, three-electrodes were utilized, the working electrode
(C38steel), the counter electrode (platinum), and the saturated calomel electrode (SCE) as a
reference electrode. This electrochemical cell was controlled by the VoltaMaster 4 software
using the potentiostat PGZ 301 (Radiometer Analytical). The polarization parameters were
0.5 mV/s of scan rate in the range of -600 mV/SCE to -200 mV/SCE and the EIS parameters
were with the sine wave voltage (10 mV) peak to peak, at frequencies from 100 kHz to 10
mHz. The curves were plotted after the stabilization potential. The temperature effect was
obtained at 298 K, 313 K, 323 K, 333 K.

2.5. Scanning electron microscopic and energy dispersive spectroscopy analysis.

The Scanning electron microscopic (SEM) (JEOL JSM-IT 100) and the energy
dispersive spectroscopy (EDS) analysis were used to study morphology and qualitative analysis
of metal surface in this study, with an accelerating voltage of 20 kV.

Table 1. Chemical compositions of Essential Oil (%).

Compounds Percentage Compositions
a-pinene 55.16
Camphene 2.46
Thuja-2,4 (10)-diene 0.16
B-pinene 0.41
d-2-carene 0.12
a-phellandrene 0.15
p-cymene 2.05
1,8 cineole 3.61
(3E)-octen-2-one 6.1
cis-linalool oxide 0.11
Trans-linalool oxide 0.57
linalool 0.07
Endo-fenchol 1.36
a-campholenal 0.59
Trans-dihydro-a-terpineol 12.84
B-pinene oxide 0.65
Borneol 3.16
Terpin-4-ol 2.16
p-cymene-8-ol 0.41
Cis-dihydro-carvone 2.74
y-terpineol 0.3
citronellol 0.18
Cis-puleqgol 0.48
Carvone 0.26
Cis —verbenylacetate 0.11
B -humulene 0.17
a-humulene 0.19
Spathulenol 0.06
trans-p-elemenone 0.25
(E)-isoeugenolacetate 0.08

3. Results and Discussion

3.1. Weight loss study.

The weight-loss study was performed in the absence and present different
concentrations of EO inhibitor, and the results were presented in Table 2. In general, this
method is important, and it is complimentary to electrochemical measurements. The method is
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based on calculating the corrosion rate (W) of material from the mass variation at a defined
time (Equation 1)[14-16].

_ mj—my
W= Sxt 1)

mi (mg) and ms (mg) are the mass of the samples before and after the immersion time,
respectively. S(cm?) is the sample surface, and t(h) represents the time of immersion. From the
results obtained, we remark that the corrosion rate is decreased in the presence of the EO
inhibitor, and this effect is more pronounced when its concentration is increased (Figure 1).
This observation is expressed as the efficiency percentage by equation 2 [17,18]:

E (%) = "1t 5 100(2)
0

Wo and Winn are the symbols of the corrosion rate without and with the EO inhibitor,
respectively.

Table 2. Weight loss results of the samples without and with different concentrations of EO inhibitor.

C (g/L) 0 0.1 0.6 1.8 2.4
W (mg cm?hD) 0.224 0.085 0.058 0.023 0.016
E (%) — 62 74 81 87

The results obtained show that the lowest efficiency is recorded at the concentration of
0.1g/L, and the high value is registered at the concentration of 2.4g/L (Table 2). Furthermore,
the increase in the inhibitor concentration from 0.1g/L to 2.4g/L changes the efficiency from
62 % to 87 %. This effect may be elucidated by the adsorption mechanism of the organic
compounds that forming the EO. Indeed, the organic compounds participate in the inhibition
mechanism by forming links with the active sites on the metal surface through the heteroatom’s
or double and triple bonds that exist in the organic compounds[19-21]. Another study was
performed on the commercial oil of Eucalyptus by Hafez showed high-efficiency values (93%)
at a concentration of 1g/L[22]. This distinction may be correlated to the sources and Chemical
composition of EOs. However, the competitive inhibition with different compounds of EO
inhibitor can also influence the inhibition efficiency by several factors such as the molecule’s
nature and type. Anyway, the results show an efficient corrosion inhibition and provide
evidence that the EO Eucalyptus Botryoides is an eco-friendly inhibitor.

3.2. Potentiodynamic polarization measurements.

The potentiodynamic polarization was used to study the effect of EO on the corrosion
parameters values of the samples. Figure 1 shows the current densities variation as a function
of the potential that applicated to the samples. The effect of EO on both anodic and cathodic
curves was observed as its concentration was increased. To explain this tendency, the corrosion
parameters were extracted from the curves using the Tafel extrapolation. The obtained results
were regrouped in Table 3.
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Figure 1. Effect of EO concentration on the polarization curves of the C38 steel in 1 M HCI.
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Table 3 exhibits in the presence of the EO that the corrosion potential shifts from -452
to -417 mV/SCE, but do not exceed 85 mV[23-25]. As a result, this inhibitor can be classified
as a mixed inhibitor. Moreover, Figurel confirms this tendency, and it shows that both cathodic
and anodic branches are under the reference curve of a blank solution. This remarkable change
may explain that inhibitor blocks the anodic and cathodic active sites on the metal surface.
Furthermore, Table 3 shows that the anodic slope remarkably changed compared to the
cathodic slop. This observation allows us to suggest that inhibitor altering the anodic reaction’s
mechanism.

Table 3. Effect of EO concentration on the corrosion parameters of C38 steel in 1 M HCI.

Conc. -Ecorr icorr Ba 'ﬁc E
(g/L) (mV/SCE) (HA/cm?) (mV/dec) (mV/dec) (%)
0.0 452 787.6 108.2 125.7 —
0.1 434 199.9 86.4 136.6 74
0.6 427 179,8 83.2 149.9 77
1.8 418 153.5 81.5 173.6 81
2.4 417 54.6 67.4 130.7 93

The corrosion current density is also obtained, a significant decrease is remarked at the
presence of the EO, especially at 2.4 g/L, and the obtained efficiency is about 93%. The
probable reason for this behavior is due to the adsorption process because most of the organic
inhibitors act as an adsorbed agent on the material surface in the acidic medium [26-28]. In the
literature[29-32], the adsorption action of the organic inhibitors on metal surfaces has been
studied by different adsorption isotherms. As the EOs have different compositions, the
applicable adsorption isotherms are under debate, for the reason that the thermodynamics uses
exclusively to the equilibrium system, and due to the complexity of operating adsorption
mechanisms of the EO molecules on the metal surface.

3.3. Electrochemical impedance spectroscopy (EIS).

The electrochemical impedance spectroscopy technique is used to control the corrosion
reaction process that occurs at the interface metal/solution. Figure 2 shows the Nyquist plots
of the impedance data, and it exhibits a depressed capacitive semicircle. Many authors relate
this capacitive behavior to the corrosion reaction process that occurs under the control of the
charge transfer [33,34]. The depressed semicircle of the plots may be related to the nature of
the solution and the state of the material surface[35], or to the fast absorption of the
intermediate products [36]. Another observation, the semicircle rises with increasing the EO
concentration, which indicates a decrease in the charge transfer process; as a consequence, it’s
a sign of metal protection amelioration.
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Figure 2. Effect of EO concentration on the electrochemical impedance plots (Nyquist plots) of the C38 steel in
1 M HCI.
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Furthermore, the fitting of the obtained data lets us understand the behavior of metal in
the absences and in the presence of the EO. For that, it’s crucial to choose the right equivalent
circuit that describes the different process that occurs at the interface metal/solution. In general,
the simple semicircle is simulated by an equivalent circuit that describes the electrolyte
resistance (Rs), charge transfer resistance (Rct), constant phase element (CPE) (Figure3).

Rs CP

Figure 3.Electrical equivalent circuit that describes the interface metal/solution without and with the EO.

The impedance of CPE is represented by this function[37]:

1
Zcpg = W@)

Eq. (4) establishes the relation between CPE impedance and Ca
C _ Yl/n R 1-n/n
dl ( 0 ( P) ) (4)

Yo and n represent the magnitude of CPE and phase shift, respectively, andw is the angular
frequency at the maximum point of the imaginary impedance of the Nyquist plots. This selected
circuit explains the electrochemical process of the dissolution mechanism, which the double-
layer capacitance and charge transfer is occurring in parallel and in serial with the electrolyte
resistance. The extracted impedance parameters are listed in Table 4.

Table 4. Effect of EO concentration on the electrochemical impedance parameters of the C38 steel in 1 M HCI.

Conc.(g/L) Rs Yo (x10%) n Ret Cul E
Qcm?) | (Q'sncm™? Qcm?) | (WFcm?) | (%)
Blank 1.28 3.48 0.805 34.21 119.60 —
0.1 171 1.79 0.838 117.30 84.68 71
0.6 1.89 1.34 0.848 138.30 65.89 76
1.8 2.37 1.28 0.856 167.10 66.62 80
24 231 0.76 0.868 325.60 43.52 90

In addition, the results show that the charge transfer resistance is increased, and the
double layer capacitance is decreased as the concentration of the EO rises, which affects the
efficiency of inhibition. This efficiency is calculated from the following equation 5 [38]:

Ree—R:

E(%) = == x 100 ()

ct

where R%, and R, are the charge transfer resistance values without and with the EO inhibitor,
respectively. Moreover, the efficiency is increased from 71% to 90% when the concentration
is augmented from 0.1g/L to 2.4 g/L, respectively. This behavior may result from the
adsorption of the EO molecules on the metal surface, which establishes a protective barrier
against the corrosive solution. The barrier formed decreases the surface contact of metal with
its environment; this leads to a decline in the local dielectric constant and increases the
resistance capability of the metal to react with its environment. We also noted that efficiency
grows to be high after the concentration exceeds the 0.6g/L. This tendency may be explained
by that the effective barrier starts at this concentration, which depends on many restrictions
like the nature of organic compounds of the EO, the metal surface, and the aggressive
environment. It’s known that the EO product contains a wide chemical composition that has
different percentages, sizes, active centers, and chemical proprieties. For that, the competitive
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effect may occur, or the chemical compounds that responsible for the inhibition are in a lower
concentration. Another observation of Table 4 exhibits that the CPE constant Yovalue
experienced a significant decline, which means that the EO interacts with the C38 steel

electrode by occupying the vacate active sites. Further, the elevation of the Nvalues of EO
relative to the uninhibited electrolyte can be related to a reduction of electrode surface
roughness.

3.4. Temperature effect.

The inhibition efficiency at different temperatures and the thermodynamic parameters
of the corrosion process was investigated in the presence of the EO using the electrochemical
impedance spectroscopy measurements. The temperature range (298-333 K) was used to study
this effect at the optimum concentration of 2.4 g/L of the EO (Figure4). As shown in this Figure,
the temperature elevation affects the impedance of C38 steel, but it is less than in the presence
of the EO. On the other hand, the charge transfer mechanism predominates on the interaction
between the metal surface and the electrolyte, and the temperature decreases the diameter of
the semicircle, both in the blank solution and in the presence of the EO.

35 400

(@) . 208K (b) m 298K
ol e 313K 350 b e 313K
323K 323 K
v 333K 300 b M '3:.33_K
25F Fitting itting
— 250
Sast S
N . NT150
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0 5 10 15 20 25 30 35 40 45 0 50 100 150 200 250 300 350 400
Z [Qcm?] Z [Qcm?]
Figure 4. Effect of temperature on the Nyquist plots of C38 steel in 1 M HCI (a) without and (b) with 2.4 g/L of
the EO.

Furthermore, the electrochemical impedance parameters are listed in Table 5 to
evaluate the effect of temperature on the corrosion inhibition efficiency. Following the data
showing in Table 5, the charge transfer resistance is enlarged in the presence of the inhibitor,
which means that the inhibitor attenuates the effect of temperature. This implies that the
inhibitor reduces the dissolution of the metal. The corrosion inhibition efficiency is also
calculated, as shown in Table 5; the results show that the efficiency is high, but less than 90 %
at different temperatures. These values may be related to the chemisorption mechanism, which
is well known; it provides high inhibition efficiency with the elevation of temperature[36].
Moreover, organic inhibitors are largely used for acid environments to slow the corrosion rate
of metals [39-42]. Most of them are the molecules with linear or branched chains or aromatic
compounds, typically include polar and non-polar functional groups. All of these molecular
structure properties are responsible for the inhibition efficiency. The high inhibition efficiency
at elevated temperature means the presence of strong adsorption of the EO molecules on the
metal surface. In general, there are three types of adsorption mechanisms of organic inhibitors:
electrostatic adsorption, rt-orbital bond adsorption, and chemisorptions. Salarvand et al. have
https://biocinterfaceresearch.com/ 10125
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attached this behavior to the acid-base reaction between the organic molecules and the metal
surface [36].

Table 5. Effect of temperature on the electrochemical impedance parameters of C38 steel in 1 M HCI without
and with 2.4 g/L of the EO.

Temperature Rs Yo (x10%) n Ret Cal icorr E
Qem?) | (@tsncm™) (Qem?) | (MFecm?) | (mAlcm?) | (%)

298 1.28 3.48 0.805 34.21 119.60 0.375 -

Blank 313 0.65 5.17 0.804 17.20 163.50 0.784 -
323 131 5.64 0.801 9.75 155.40 1.420 —

333 0.90 7.60 0.802 4.99 192.10 2.870 —

298 2.31 0.76 0.868 325.60 43.52 0.0394 89

EO 313 4.50 1.36 0.812 152.00 55.63 0.0887 88
323 1.11 0.94 0.834 92.89 36.94 0.150 89

333 1.14 0.99 0.855 38.74 38.87 0.370 87

For more investigation, the corrosion current density (icorr) is calculated from the
impedance results by using equation 6 [27]:

. RT
leorr = E(6)

Where, R is the universal gas constant (8.314 J K'mol?), and T (K) represents the temperature
effect. The iron valence (z = 2) and the Faraday constant (F = 96 485 Coulomb) are regrouped
with the polarization resistance (Rct). In this study, the polarization resistance Ry is replaced by
the charge transfer resistance Rct. After that, the variation of corrosion current density as a
function of temperature is traced to extract the corrosion process parameters such as the
activation energy and enthalpy and the entropy from the equations 7 and 8 [7] as shown in
Figureb.

lcorr = Kexp (_Ea)(7)

RT
lcorr = % exp (%) exp (_iga)(s)
icorr 1S the corrosion rate density, Ea represents the activation energy, AHa is the activation
enthalpy, ASa exhibits the activation entropy, and K is the Arrhenius pre-exponential factor, N
is the Avogadro’s number (6.022 x 102 mol™), and h is the Plank’s constant (6.6261 x 1034]
S).

i @ = Blank (b) = Blank
m 249/L 3t e 24g9/L
2F Linear Fit Linear Fit
o Lt
= 5
2 ok g SF
E <
~ E 6
i =
= = .
~ -7}
St . 8
< °
c -8}
3k -
9
4k
1 1 1 1 -10 1 1 1 1
3.0 31 3.2 33 3.4 3.0 3.1 3.2 33 34
1000/T(K™) 1000/T(K™)
Figure 5. Arrhenius (a) and transition-state (b) plots of C38 steel in 1 M HCI without and with 2.4 g/L of the
EO inhibitor.

The results are represented in Table 6. they show an increase of the Ea and AHa in the
presence of the EO. This is reflecting the effect of the EO molecules on the dissolution
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mechanism of the metal. The Ea elevation means that the system requires more energy to
activate the corrosion process. And the positive value of AHa indicates that the inhibitor
conserves the endothermic nature of the corrosion process. On the other hand, the ASa is
decreased, which reflects a decrease in system disorder.

Table 6. Activation parameters of C38 steel in 1 M HCI without and with 2.4 g/L of the EO.

Activation parameters Ea AHa ASa

(kJ molh) (kJ molh (J K1 molh
Blank 47.37 44.76 -103.48
2.4 g/L 51.10 48.48 -109.848

3.5. Surface studies.

The surface morphology and EDS analysis of the samples are investigated in the
absence and presence of the EO after the immersion time of 6 h (Figure6). The SEM image
shows that the sample surface is attacked in the absence of an inhibitor, which proves the
aggressiveness of the HCI solution and the high corrosion rate of the sample(Figure6-a).
Besides that, the EDS results demonstrate the presence of a high level of iron and oxygen and
a negligible value of chloride on the sample surface. This may be an indication that the surface
is rich in iron oxides and hydroxide compounds. In addition, the little value of chloride can
relate to the formation of soluble compounds more stable in the solution, such as iron chloride
(Table 7).0n the other hand, the inhibitory effect of the EO is observed on the sample
surface(Figure6-b). The EO exhibits a positive effect which protects the metal from the
aggressiveness of the solution. Similarly, the EDS results show an increase in the percentage
of carbon and a decrease in the percentage of oxygen and iron (Table 7). Accordingly, these
results may explain that the organic species of the EO are adsorbed to the metal surface, which
interprets the results obtained from electrochemical studies and weight loss measurements.

SED 20.0kV WD10mmP.C.50 x1,000 10pm  —
Faculty of Sciences Rabat

Figure 6. Surface morphology of the C38 steel in 1 M HCI, (a) without,(b) with 2.4 g/L of the EO after 6 h of
immersion.

SED 20.0kV WD9mm P.C.50 x1,000 10pm  w—
Faculty of Sciences Rabat

Table 7. EDS analysis of the C38 steel in 1 M HCI without and with 2.4 g/L of the EO after 6 h of immersion.

Mass (%0) Blank 24 g/L
C 05.59 25.84
N I 00.24
0 18.15 15.65
Cl 00.30 02.19
Fe 74.91 56.07

4. Conclusions

The corrosion inhibition technology using the eco-friendly inhibitors are recently
studied by scientists to reduce the economic and environmental implications. For that, the
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essential oil of Eucalyptus Botryoides was investigated as an inhibitor for corrosion of C38
steel in 1M HCI solution, using electrochemical and spectroscopic techniques, and weight loss.
The results were showed a beneficial effect of the EO; the weight loss was exhibited that the
EO decreases the corrosion rate of C38 steel. The potentiodynamic polarization measurements
were indicated a mixed character of inhibitor, which affects the anodic and cathodic sites of
the metal surface. The electrochemical impedance spectroscopy was explained that the
corrosion of C38 steel in 1 M HCI was under the control of the charge transfer mechanism, and
the presence of the EO in the solution decreases the rate of charge transfer at the interface
metal/solution. The temperature effect was also studied, and the activation parameters of the
corrosion process were extracted; the EO increases the Ea and AHa, and decrease ASa. The
inhibition efficiency remains higher, even the temperature increased, and it has proposed that
the adsorption mechanism is dominated by the chemisorptions process. The SEM morphology
and EDS analysis were confirmed the beneficial effect of the EO as an eco-friendly corrosion
inhibitor for C38 steel in 1 M HCI solution.
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