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Bitter orange, Citrus Aurantium (CA), extract and one of its chemical constituents, Linalool, have been evaluated as a corrosion

inhibitor for mild steel in 0.5 mol L' hydrochloric acid (HCI) solution using potentiodynamic polarization, electrochemical

impedance, Fourier transform infrared spectroscopy (FTIR), and atomic force spectroscopy (AFM) techniques. Functional groups
of CA and Linalool were identified by FTIR spectroscopy. The Potentiodynamic polarization and electrochemical impedance studies
showed that CA and Linalool act as mixed type inhibitors. The activation parameters showed that the corrosion inhibition takes place
by spontaneous physical adsorption on the mild steel surface. Thermodynamic-kinetic model and Flory-Huggins isotherms were used
to investigate the adsorption characteristics of CA and Linalool. The surface morphologies of mild steel specimens were studied using

AFM, in which the surface roughness of the metal specimens on a micro scale was characterized.
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INTRODUCTION

The usage of steel in industrial sectors has created an
extraordinary challenge for corrosion experts these days. Most acidic
industrial applications such as acid descaling, oil-well acid in oil
recovery and acid pickling use steel as their material. Corrosion is an
electrochemical process by which the environment reacts with metallic
surface forcing the metal to lose its material properties.'It can cause
catastrophic damage to the metal causing economic consequences.
One of the practical methods used for metal protection against
corrosion is the use of inhibitors. Numerous of organic compounds
containing N, S and O act as promising inhibitors. Nevertheless, most
of these compounds are costly, as well as dangerous to living beings.>*
Plant extracts have become important as environmentally acceptable
and rich sources of active chemical ingredients.® Studies showed that
some of the plant extracts have inhibition efficiency exceed 90%.7'*
El-Etre et al. explained that the degree of inhibition depends on the
nature of metal and the type of the medium.'® Several authors studied
the corrosion inhibition of some plant extracts containing Linalool
as active ingredient in their extracts.'®!8

The aim of the present work is to compare the efficiency of
Bitter orange, Citrus Aurantium (CA), extract and one of its chemical
constituents, Linalool, on inhibiting the corrosion of mild steel in
0.5 mol L' HCI.

EXPERIMENTAL
Solution preparation

Linalool chemical compound (SigmaAldrich), analytical grade
reagent HCI (BDH) and distilled water were used to prepare the test
solutions. The test solutions were prepared from distilled water and
analytical grade reagent HCI purchased from BDH chemical company
and Linalool chemical compound.

*e-mail: ashrafmoustafa@yahoo.com;
*alternative e-mail: a.abdelgaber @bau.edu.lb

A stock solution of CA extracts was obtained by drying the plant
leaf for 2 h in oven at 80 °C and grinding to powdery form. 10 g
sample of the powder was refluxed in 100 mL distilled water for 1 h.
The refluxed solution was filtered to remove any contamination. The
concentration of the stock solution was determined by evaporating
10 mL of the filtrate and weighing the residue. The concentration
of the stock solution was expressed in term of grams per liter. Prior
each experiment, 4 mol L' HCl is added to an appropriate volume of
the stock solution of plant leaf extract and distilled water to obtain a
solution of 0.5 mol L' HCI solution and the required concentration
of the extract.'

Electrochemical studies

Electrochemical impedance and polarization measurements
were achieved using frequency response analyzer (FRA)/potentiostat
supplied from ACM instruments (UK). The frequency range for
electrochemical impedance spectroscopy (EIS) measurements was
0.1 to 3x10* Hz with an applied potential signal amplitude of +10 mV
around the rest potential. The data were obtained in an electrochemical
cell of three-electrode mode; platinum wire and saturated calomel
electrodes (SCE) were used as counter and reference electrodes. The
material used for constructing the working electrode was mild steel
of the following chemical composition (wt. %) (C:0.198, Mn:0.57,
Si:0.085, S:0.038, P:0.02, and Fe:98.8). Steel plate of rectangular shape
was encapsulated in Teflon in such a way that only one surface was left
uncovered. The exposed area (0.36 cm?) was mechanically abraded with
a series of emery papers of variable grades, starting with a coarse one
and proceeding in steps to the finest (800) grade. Polarization curve
measurements were obtained at a scan rate of 30 mV/min starting
from cathodic potential (E_, -250 mV) going to anodic direction. All
the measurements were done at 30 + 0.1 °C using WiseCircu water
bath (Germany) in solutions open to the atmosphere under unstirred
conditions. To obtain the activation parameters the measurements were
carried out at 30-60°C. To test the reliability and reproducibility of the
measurements, duplicate experiments were performed under the same
conditions in each case and found to be within 2% error.
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FTIR analysis

The infrared spectra of the solid sample of CA were recorded
by averaging 32 scans at a resolution of 4 cm™ using a Perkin-Elmer
(2000 FTIR) spectrometer in the spectral region between 4000
and 500 cm. The FTIR spectra of the samples that were solids
were determined using a solid FTIR sample holder at Faculty of
Engineering and Physical Sciences, University of Surrey (UK).

AFM surface morphology

The analysis of the morphology of the mild steel surface was
carried out using atomic force microscopy (AFM), operated in the
contact mode under ambient conditions using Agilent 5420 Atomic
Force Microscope. Images of the specimens were recorded after 2 h
of exposure in 0.5 mol L' HCI without and with 0.6 g L' of CA leaf
extract or Linalool at 25 °C. The probe has a maximum measuring
area of 100 x 100 micrometer. AFM analysis was done at Lebanese
University - Fanar Campus; Platform for Research in Nanosciences
and Nanotechnologies.
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RESULTS AND DISCUSSION
Spectrophotometric analysis

The Lebanese bitter orange called Citrus Aurantium (CA) is
a source of many of chemical compositions. It has a high content
of Linalool, Bergamol, Farnesol and D-Limonene." Figure 1(a,
b) shows the IR spectra for CA leaf extract and Linalool. The IR
spectrum of Linalool is from the NIST/EPA Gas-Phase Infrared
Database.” These spectra display broad absorption band centered
at 3300 cm™ for CA leaf extract and at 3600 cm™' for linalool
which are attributed to alcohol OH stretch. The absorption bands
in the region of 2917.8 cm™ in CA spectrum and 2900-2950 cm'!
in linalool spectrum are assigned to the C-H stretching vibrations.
The strong bands in the region of 1033 in CA spectrum and
1090 cm™! in linalool spectrum are assigned to the O— symmetric and
asymmetric stretching vibrations and the C—O stretching vibration.
The percentage of Linalool in the hydro-distilled leaf extract was
found by Azhdarzadeh et al.*' and by Trabelsi et al.*to be 32.60
and 22.11, respectively.
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Figure 1. a) IR spectrum for Citrus Aurantium (CA) leaf extract; b) IR spectrum for Linalool
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Figure 2. The chemical structure of Linalool

Potentiodynamic polarization curves

Before polarization and EIS measurements, the working electrode
was left for 20 min to attain the open circuit potential in the used
solution. The variation of the open circuit potential as a function of
time for steel in 0.5 mol L' HCl solution in the absence and presence
of CA leaf extract and Linalool at 30 °C is shown in Figure 3. As seen,
a steady potential (open circuit potential E ) was readily attained
after 20 minutes, corresponding to the free corrosion of the metal.
The potential of steel was shifted to more noble direction on adding
either Linalool or CA leaf extract.
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Figure 3. The variation of the open circuit potential as a function of time
for steel in 0.5 mol L' HCI solution in the absence and presence of CA leaf
extract and Linalool at 30°C

Figure 4 shows the potentiodynamic polarization curves of
steel in 0.5 mol L' HCI solution in the absence and the presence
of 0.60 g L' of CA and Linalool. The figure indicates that both
CA extract and Linalool retard the anodic and cathodic parts of the
curves indicating that they act as mixed-type inhibitors. In general,
for acid solutions, when dissolved oxygen is present, both hydrogen
evolution and oxygen reduction reactions will be possible. However,
the concentration of H;0* in acid solutions, at pH = 0, is high,
and since this ion has a high rate of diffusion. Consequently, the
contribution made by the hydrogen evolution reaction on the cathodic
process will predominant takes place by oxygen reduction reaction.
The inhibitor may affect either the anodic or the cathodic reaction,
or both.”® Therefore, CA and Linalool inhibit cathodic hydrogen
evolution and anodic metal dissolution reactions. Since the anodic
and cathodic Tafel lines slopes 3, and . of CA and Linalool were
found to change slightly with inhibitor concentration, this indicates
that CA leaf extract and Linalool inhibit the corrosion of mild steel
surface through similar mechanism.>

The electrochemical polarization parameters together with
percentage of inhibition efficiency,n, are given in Tablel. n was
calculated from polarization measurements using the relation

n= [(ig-1)/i,] x100 1

where i, and i, are the corrosion current densities in the absence and
the presence of plant leaf extracts and Linalool, respectively.'*?
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Figure 4. Potentiodynamic polarization curves of steel in 0.5 mol L' HCl in
the absence and presence of 0.6 g L of Linalool and CA leaf extracts at 30 °C

The tabulated data indicate that the corrosion current density (i)
decreases with increasing CA leaf extract and Linalool concentrations
while the percentage of inhibition efficiency (1) increases. The n
values show that, at any given concentration, CA leaf extract is more
efficient than its active chemical ingredient Linalool.

Figure 5 shows variations of degree of surface coverage (6 =
1n/100) with the CA leaf extract and Linalool concentrations in 0.5
mol L' HCl solution. Usually the degree of surface coverage depends
on many factors including the active area or number of adsorption
sites and their charge density, molecular size, mode of interaction with
the metal surface and formation of metallic complexes.?® The plots
indicate that degree of surface coverage increased with increasing
the inhibitor concentration due to increase in the metal surface
area covered by inhibitor molecules. At higher concentration, total
blocking of active area taking place causing slight variation in the
degree of surface coverage.”” The curves also indicate that CA, at
moderate concentrations region, is more effective than its chemical
constituent Linalool in HCI solution.

Electrochemical impedance spectroscopy measurements

Figures 6 shows Nyquist impedance plots of steel in 0.5 mol L™!
HCl in the absence and the presence of 0.6 g L' of both CA leaf extract
and Linalool. Figure 6 shows type of depressed semicircles indicating
that the corrosion process occurs under charge transfer control. The
depressed capacitive loop is also ascribed to dispersion effects, which
have been attributed to roughness and inhomogeneities on the surface
during corrosion.?*? In inhibitor-free solution, only one depressed
capacitive loop can be observed and that can be attributed to the time
constant of the charge transfer and the double layer capacitance.

The impedance spectra for different Nyquist impedance plots
were analyzed by fitting the experimental data to a simple equivalent
circuit model, Figure 7.%

The constant phase element (CPE) is defined by two values,
the non-ideal double layer capacitance (Q,) and constant (n). The
percentage inhibition efficiency (1)) can be calculated from impedance
measurements according to the equation:*

n= [(Rct' RCIO)]/RCI x 100 (2)

where R, and R, are the values of the charge transfer resistance
(Q cm?) in the absence and the presence of leaf extract, respectively.

The values of electrochemical impedance parameters obtained
from fitting the experimental data of steel in 0.5 mol L' HCl
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Table 1. The electrochemical polarization parameters for the corrosion of steel in 0.5 mol L' HCI in the absence and presence of different concentrations of

CA leaf extract and Linalool at 30 °C

Plant leaf Conc. E.on B. B. oo
Extract (gLh (mV vs. SCE) mV/decade (mA cm?) N
- 0.00 -520 106 131 1.52 -
0.10 -530 87 121 0.58 62
0.15 -525 79 119 0.47 69
CA 0.30 -513 76 119 0.35 77
0.50 -514 77 126 0.31 80
0.60 -516 71 124 0.23 85
0.15 -514 78 123 0.69 55
0.30 -521 86 125 0.50 67
Linalool 0.60 -524 80 121 0.33 78
0.75 -512 83 118 0.28 82
0.90 -509 70 126 0.20 87
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Figure 5. Variations of degree of surface coverage, obtained from polarization
measurements, with the CA leaf extract and Linalool concentrations
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Figure 6. Nyquist plots for mild steel in 0.5 mol L'" HC in the absence and
presence of 0.6 g L' of both CA and Linalool at 30 °C

solution containing different concentrations of CA leaf extract
and Linalool to the used equivalent model are presented in Tables
2. Increasing R, values in presence of CA and Linalool is due to
the replacement of H,O molecules by organic molecules at the
metal surface, decreasing the extent of the metal dissolution.*' The
electrical double layer capacitance varies as function of dielectric
constant, compact layer thickness, electrode size, and electrolyte
concentration. Due to the fact that CA extract contains huge amount
of chemical constituents, the increase of Q values in its presence
could be attributed to increasing dielectrics. There are two types of
dielectrics. The first type is polar dielectrics for polar molecules. The
second type of dielectrics is the non-polar dielectrics for molecules
that do not possess permanent electric dipole moment but can be
induced by placing the molecules in an externally applied electric
field. On the other hand, the decrease in Q, in the presence of
Linalool is due to the formation of an adherent film that increases
the double layer thickness. It is also clear that the value of Qg
decreased upon the addition of each of the inhibitors, indicating a
decrease in the local dielectric constant and/or an increase in the
thickness of the electric double layer. This indicates that the CA

Table 2. The electrochemical impedance parameters for the corrosion of mild
steel in 0.5 mol L' HCI in absence and presence of different concentrations
of CA leaf extract and Linalool

Inhibitor (Cgoif)' (QR&L ) (SI:E) n n
- 0 10.67 212 0.75 -
0.15 31.86 747 0.78 67
CA 030 43.79 757 0.84 76
0.60 73.32 773 0.80 85
0.15 23.12 107 0.68 54
Linalool 0.30 33.91 128 0.69 69
0.60 49.55 172 0.66 78
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extracts and Linalool inhibits the corrosion of steel in hydrochloric
acid solution by the adsorption on the metal/electrolyte interface.*

AFM surface morphology

The surface morphologies of mild steel specimens immersed in
0.5 mol L HCI in the absence and the presence of CA leaf extract
and Linalool were studied using atomic force microscope (AFM).
AFM is ideally suited for characterization of the surface roughness
of the metal specimens on micro scale.?** The 3D images obtained
before and after 2 hours of immersion are presented in Figure 8(a-d).
It is observed that the steel surface in 0.5 mol L' HCI solution is very
rough. This rough surface is due to the rapid corrosion of the mild steel
in 0.5 mol L' HCl solution. However, in the presence of CA and the
Linalool, the mild steel surface roughness was significantly reduced
indicating the inhibiting action of both additives. The reduction in
the surface roughness of mild steel coupons in the presence of CA
compared to the Linalool confirms that leaf extract of CA is a better
corrosion inhibitor than that of its chemical constituent, Linalool. The
surface morphology results are in agreement with the results obtained
from electrochemical impedance spectroscopy and polarization
curves measurements and points to the existence of good inhibiting
action of CA leaf extract and Linalool.

Figure 8. Three-dimensional AFM images for steel before immersion in
(a) 0.5 M HCI, and after immersion in (b) 0.5 mol L' HCI, (c) 0.5 mol L' HCI
+ 0.6 gL' CA, and (d) 0.5 mol L' HCI + 0.60 g L' Linalool at 25 °C for 2 h

Adsorption considerations

Fitting experimental data in presence of inhibitor to the
adsorption isotherms can give an insight to the adsorption
mechanism.* Attempts were made to fit the degree of surface
coverage (0 = n/100) values obtained from polarization curves
measurements to the thermodynamic-kinetic model and Florry-
Huggins isotherm.

Flory-Huggins isotherm is given by: 3¢

log(6/C) =log K + x log(1 - 0) 3)
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“x” is the size parameter and is a measure of the number of adsorbed
water molecules substituted by a given inhibitor molecule.
The Kinetic - Thermodynamic model that is given by: ¥’

log [0 /(1-0)] =log K’ + y log C 4)
where ”y” is the number of inhibitor molecules occupying one
active site; in other words, ”1/y” is the number of surface active
sites occupied by one inhibitor molecule. The binding constant K
is given by:

K=K » )

The parameters obtained from linear fitting of the mentioned
model and isotherm, with correlation coefficients of 0.98, for CA
leaf extract and Linalool in 0.5 mol L' HCI at 30 °C are depicted
in Table 3.

Table 3. Linear fitting parameters of CA leaf extract and Linalool according
to the Kinetic model and Flory-Huggins isotherm in 0.5 mol L' HCI at 30 °C

Kinetic Model Florry-Huggins
Inhibitor
11y R? K X R?
CA 22.28 1.64 0.99 19.89 1.86 0.98

Linalool 7.46 1.42 0.98 6.99 1.31 0.98

The adsorption parameters obtained from linear fitting of Kinetic-
thermodynamics models for CA leaf extract and Linalool in 0.5 M
HCI at 30 °C indicates that: (i) the molecules of CA leaf extract and
Linalool occupy more than one active site since the values of the
number of active sites occupied by a single molecule 1/y are greater
than unity (ii) the binding constant K, obtained from the kinetic—
thermodynamic model, gives an indication for the strength of the
interaction between these active ingredients and the metal surface.
Large values mean better and stronger interaction, whereas small
values of K of Linalool mean that the interaction between the active
ingredients and the metal is weak. The values of x greater than unity
indicate that both CA leaf extract and Linalool are bulky molecules.
Therefore, the values of 1/y and x suggested that the bulky adsorbed
molecule can cover more than one active site and displace more than
one H,0O molecule.?*

Effect of temperature

Figures 9(a-b) show the polarization curves for steel in the
absence and presence of 0.6 g L'! CA leaf extract and Linalool in
0.5 mol L' HCI at different temperature respectively.

It is apparent from figures 9(a-b) that increasing temperature
affect both anodic and cathodic part of the polarization curves. This
behavior is attributed to increase of desorption of the inhibitor from
the steel surface with rising temperature.*

On the other hand, Figure 10 shows Nyquist Impedance plots for
mild steel in 0.5 M HCl in the presence of 0.60 g L' CA leaf extract
at different temperatures. It is clearly seen that increasing temperature
decreases the size of the depressed semicircles indicating a decrease
of the charge transfer resistance.

Some information on the mechanism of the inhibive action can
be obtained by comparing apparent activation energy (Ea), obtained
in the presence of inhibitor with that in its absence. The values of
the thermodynamic parameters were determined using Arrhenius
equation and transition state equation.*! As seen, the values of E,
and AH* in the presence of the CA extract and Linalool are higher
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Figure 9. Potentiodynamic polarization curves for mild steel in 0.5 mol L'
HCl in the presence of a) 0.60 g L' CA leaf extract at different temperatures;
b) 0.6 g L' Linalool at different temperatures
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Figure 10. Nyquist Impedance plots for mild steel in 0.5 mol L' HCl in the
presence of 0.60 g L' CA leaf extract at different temperatures

than that in their absence indicating geometric blocking effect of
adsorbed chemical species.* In addition, the average difference values
of the (E, -AH*) for CA and Linalool are 2.64 and 2.63 kJ mol",
respectively which are approximately equal to the average value of
RT (2.63 kJ mol™') at 30 °C. This indicates that the corrosion process
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is a unimolecular reaction as it is characterized by the following
equation:*

Ea - AH* =RT (©)

Table 4. The activation parameters of mild steel in 0.5 mol L' HCI in the
absence and presence of 0.6 g L' CA leaf Extracts and Linalool respectively

Acid Solution  Inhibitor & E‘ol'l ) (kJArI::I'l N milS'TK" )
0.5mol L' HCI - 31.79 29.16 -172.59
CA 37.88 35.24 -163.91
Linalool 50.73 48.10 -121.85

The endothermic nature of transition to the activated state is
explained by the positive values of AH*. In addition, the activated
state represents an association state that is clarified from the negative
value of AS*.*4 Therefore, the obtained data indicate that the
adsorption of CA leaf extract and Linalool on metal surface takes
place by electrostatic interactions between the charged molecules
and the metal.

CONCLUSION

The following conclusions can be drawn from the work:

Citrus Aurantium (CA) leaf extracts and Linalool retard the
corrosion of mild steel in 0.5 mol L' HCI solution. Linalool is not
the responsible (or unique responsible) for the inhibitive action from
CA leaf extract, since the inhibition efficiency of the CA leaf extract
is higher comparing to its chemical constituent, Linalool, in all
measurements. The higher inhibition efficiency of CA leaf extract is
due to synergistic effect of the active chemical constituents.
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