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Abstract

This study examined the corrosion inhibiting properties of parsley (petroselinum sativum) essential
oils, for Type 430 ferritic stainless steel in 0.5 molar sulphuric acid solutions. In this study, weight loss,
electrochemical and scanning electron microscope techniques were used in gaining a detailed
understanding of inhibition effects of parsley (petroselinum sativum) essential oils (PEO) on Type 430
ferritic stainless steel corrosion. The inhibitor studied exhibits good anti-corrosion performance with
98.65% inhibition efficiency. This result could be ascribed to the adsorbed PEO on the surface of the
stainless steel, and this was verified by surface visualization using optical and scanning electron
microscope techniques while the crystallographic variation of the inhibited sample is studied by x-ray
diffraction (XRD). The adsorption of PEO onto stainless steel surface is controlled by Langmuir
adsorption isotherms. Optical images of non-inhibited specimens showed a severely corroded surface
with a visible macro pit on the stainless steel from sulphuric solutions. The inhibited sample shows
improved surface owing to the surface protection effect of PEO molecules. The corrosion inhibition
performance of PEO is due to the presence of active constituents which enhanced the film formation
over the surface of the metal, thus, mitigating corrosion.

1. Introduction

Sulphuric acid is frequently utilized for industrial acid
pickling, refining crude oil, oil-well acid in petrochem-
ical processes and oil recovery, and acid cleaning of
stainless steel. The destructive nature of sulphuric acid
accelerates the steel deterioration in contact with
them. The issue results from the wide industrial
applications of steel in building and construction,
chemical processing, oil refinery, mining, automobile,
energy generation, petrochemical, and marine indus-
tries. During application, the steel shows weak corro-
sion resistance owing to its incapability to passivation
in aggressive media. The formed oxide on the steel is
porous which allows the corrosion process to continue
on the steel. Thus, enormous damage does occur
resulting in corrosion, high costs of repair, and
maintenance.

Corrosion problem is constant and continuous,
often difficult to eliminate. Its prevention would be

more achievable and practical than complete elimina-
tion. In most situations, corrosion of metal can be slo-
wed, managed, or stopped with an appropriate
technique. Appropriate corrosion control can sig-
nificantly reduce or prevent the effect of corrosion on
steel such as the use of inhibitors. Different organic
and inorganic compounds as corrosion inhibitors for
metal in different aggressive environments have been
reported in the literature [1-16]. However, the exorbi-
tant prices of the organic compounds and the toxic
nature of most inorganic inhibitors are the main set-
back for their continuous usage. Due to the clarion call
for green chemistry, the search for effective inhibitors
for metal corrosion in different aggressive environ-
ments has recently taken a new dimension. Also,
because the whole idea of protecting metals against
corrosion is attached to environmental sustainability,
and economic benefit, therefore, substances used as
corrosion must be

inhibitors environmentally

friendly, readily available, and cheap.

©2021 IOP Publishing Ltd
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Figure 1. Chemical structure of the PEO.

Thus, research activities are geared towards repla-
cing toxic and expensive inorganic and organic corro-
sion inhibitors. Eco-friendly, non-toxic, natural at
‘zero’ or low environmental impact are preferred.
Essential oils [17—20] have shown excellent inhibitive
efficiency for corrosion of steel in corrosive solutions.
Nevertheless, little research has been carried out on
the Type 430 ferritic stainless steel corrosion inhibi-
tion in sulphuric acid media by PEO. The environ-
mental threat by most synthetic inhibitors is the main
reason to study the possibility of essential oils as corro-
sion inhibitors. Natural oils are obtained from renew-
able resources, environmentally friendly, readily
available, and are inexpensive. Nevertheless, PEO has
not been studied as an inhibitor for Type 430 ferritic
stainless steel in sulphuric acid solutions to the best of
our knowledge. Stainless steel Type 430 is one of the
most popular steel used in corrosion resistant and high
strength applications. Acid solutions are generally
used for the removal of undesirable rust and scale in
several industrial processes, the highly corrosive nat-
ure of aqueous acids on stainless steel Type 430
requires some degree of restraint to achieve maximum
safety conditions, economic maintenance and mini-
mum loss of materials. Given this, the aim of this study
was to examine the corrosion inhibiting properties of
parsley (petroselinum sativum) essential oils, for Type
430 ferritic stainless steel in 0.5 molar sulphuric acid
solutions by electrochemical and weight loss techni-
ques. Also, the characterization of the samples was
performed by optical microscopy (OPM), scanning
electron microscopy (SEM), and x-ray diffraction
(XRD) analysis.

2. Experimental

2.1. Materials

The parsley essential oil used in this study was of pure
quality (>99%) and used without purification. The
chemical structure of this compound is indicated in

figure 1. The composition (wt%) of the Type 430
ferritic stainless steel utilized in this study is S10.182, C
0.05,S0.017,Ni 1.3, Cu0.102, P 0.12, Mn 1.83, Cr 13,
and Balance Fe. The ferritic stainless steel was
mechanically press-cut into samples of 2 cm x 2 cm
dimensions for weight loss measurements. The 0.5
molar sulphuric acid was prepared by diluting an
analytical grade of H,SO, (98%) with distilled water
and used as the corrosive test environment.

2.2. Weightloss analysis

Ferritic stainless steel Type 430 with 10 cm® surface
area, in triplicate, was immersed in aerated 250 ml of
0.5 M H,SO, solutions with and without different
PEO concentrations. The samples were dipped in a
250 ml beaker containing sulphuric acid medium with
and without PEO concentrations with the aid of a glass
hook and rod, after accurately weighing via digital
balance with £0.1 mg sensitivity. The temperature
was controlled by a water thermostat. The corrosive
acid solution was open to the air throughout the
experiment. The weight of the sample before and after
immersion to the corrosive medium was recorded
using an analytical balance. After each immersion
time, the samples were removed, wash with a bristle
brush under running water to eliminate the corrosion
products, dried, and reweighed correctly following
ASTM G31-72 [21]. The plot of corrosion rates and
inhibition efficiency was plotted from the obtained
data during the immersion time. The corrosion rate in
mm/year and inhibition efficiency was calculated
according to equations (1) and (2) [22]:

@

- [52]

DAT

W (mg) indicates weight loss, A (cm?) FSS surface area,
D (g cm ) FSS density and T (hour) immersion time.
Equation (2) was used in calculating the inhibition
efficiency (IE):

2
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CR, and CR are the FSS corrosion rates in inhibited
and uninhibited acid solutions.

2.3. Electrochemical study

For the polarization measurements, standard corro-
sion glass cells were used. The working electrode is a
ferritic stainless steel sample with a 1 cm” surface area.
The reference and counter electrodes are silver-silver
chloride (Ag/AgCl) and platinum sheet, respectively.
The samples were finely polished with diamond paste
to get a mirror-like surface. After polishing, the steel
coupons were washed and rinsed with ethanol and
distilled water, respectively, and dried in the air, and
finally stored in a desiccator before test according to
ASTM G1-03 [23]. It was then transferred to the glass
cells with 250 ml of the corrosive solution. To reduce
ohmic contributions, the reference electrode was kept
close to the ferritic stainless steel surface embedded in
a PVC holder with epoxy resin so that the exposed
surface was the only working electrode surface. The
electrochemical polarization was recorded 30 min
after the working electrode was immersed in the test
solutions, to stabilize the stationary potentials. The
potentiodynamic current potential curve was recorded
by changing automatically the electrode potential
from —1.5 V to 1.5 V at a scan rate of ImVs '
according to ASTM G102-89 [24]. The TAFEL linear
segment of the anodic and cathodic curves was
extrapolated to corrosion potential to obtain the
corrosion current densities.

2.4. Surface analysis

Stainless steel samples immersed in the solution with
optimum concentration of inhibitor and without
inhibitor in the test solution for 168 h were removed
and rinse with running water. After rinsing, the sample
was dried and analyzed with optical and scanning
electron spectroscope techniques. The structure of the
inhibited and uninhibited samples was characterized
using x-ray diffraction analysis performed by x-ray
diffractometer with Cu Ko radiation.

3. Results and discussion

3.1. Weight loss measurement

3.1.1. Effect of concentration

The weight-loss technique in monitoring the rate of
corrosion is useful owing to its reliability and simple
applications. Plots of ferritic stainless steel (FSS)
corrosion rate and inhibition efficiency versus expo-
sure time at specific PEO concentration are shown in
figures 2 and 3. Shown in figure 5 is the optical image
at different magnifications of FSS after 168h of
immersion in H,SO, without PEO, and after 168 h
immersion in H,SO, solution with PEO (600 ppm).
The corrosion rate versus exposure time plot (figure 2)

O Sanni etal

without PEO differs significantly from the plots with
PEO concentrations owing to the electrochemical
action of SO; ~ anions according to equation (3) [25]:

Fe(s) + H,SO4(aq) — FeSO4(aq) + H,O(g) (3)

The mechanism of corrosion reaction results in
accelerated corrosion and severe oxidation of the FSS
surface as presented in the optical images (figure 5)
where the degree of deterioration of the FSS surface
from H,SO, solutions is high compared to the sample
with PEO. A noticeable decrease in the FSS rate of cor-
rosion value with immersion time is owing to the
weakening of the static acid electrolyte with discharged
corrosion product. Thus, the corrosion rate of FSS
without PEO culminated at 12.32477 mmy ‘e 'ar '
and 8.182356 mm y_le_lalr_l in H,SO, solution. PEO
at 200 ppm concentration in H,SO, solution was
notably inadequate to slow down the FSS corrosion as
presented in the corrosion rate values after 144 h.
Figure 2 shows a significant increase in the rate of cor-
rosion at a lower concentration. At 400 ppm PEO con-
centration, a notable decrease in the rate of corrosion
occurred resulting in 1.09999 mm year ' at 168 h. At
1000 ppm concentration of PEO, corrosion rate value
of 0.2400 mm year ' was achieved at 168 h suggesting
effective corrosion inhibition. The inhibitive perfor-
mance of FSS with different PEO concentrations in 0.5
molar sulphuric acid solutions at different time of
exposure is presented in figure 3. From figure 3, inhi-
bition efficiency values increase clearly with increasing
PEO concentrations, that is, the inhibitor concentra-
tion enhances the corrosion inhibition. This behavior
is due to the increase in inhibitor coverage and adsorp-
tion on the metal surface with the inhibitor concentra-
tion [26]. Observation of PEO inhibition efficiency
with immersion time plots in the acid solution indi-
cates the effective performance of PEO in H,SO, solu-
tions. At 24 h of exposure, the inhibitive performance
of PEO in H,SO, solutions at 200 ppm concentration
was 87%. However, considerable inhibition values in
H,SO, occurred from 400 ppm PO concentration
(97%). At 1000 ppm PEO concentration, an optimum
value of 98.65% was achieved after 24 h. General
observation explains that PEO at high concentrations
in H,SO, solution decreases with exposure time,
though the reduction rate is minimal till around 120 h
to 168 h where the relative stability and progressive
increase was noticed. The high inhibition efficiency of
PEO implies a high bonding ability of inhibitor on the
surface of the ferritic stainless steel.

3.1.2. Effect of immersion time

Weight loss test was carried out in the acid solution
without and with PEO at different concentrations, to
evaluate the steadiness of inhibitor film adsorbed at
the acid solution/ferritic stainless steel interface with
exposure time. The maximum inhibition efficiency of
98.65% and 98.05% was observed from figure 3 for
168 h of immersion period in 0.5 M H,SO,. The

3
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Figure 2. Plot of corrosion rate versus exposure time in 0.5 M H,SO, solutions.
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Figure 3. Plot of inhibition efficiency as a function of exposure time in 0.5M H,SO, solution.

immersion study reveals that as the immersion time
increased the inhibitor efficiency slightly decreases.
After 96 h, a slight decrease in the efficiency of the
inhibitor yielding 87.61% and 98.13 at 200 and 1000
ppm respectively was observed, and then later stabi-
lized. This observation can be explained owing to the
increase of inhibitor molecules adsorbed on the sur-
face of the FSS with exposure time. The decrease in
inhibitive performance with exposure time could be
owing to the essential oil desorption from the surface
of the FSS [27]. Messikh et al [28] explained that a
decrease in inhibitor efficiency over a long period of
time may be ascribed to the inhibitor molecules
depletion in the solutions owing to the chelate formed
between the inhibitor ligands and the metal. The
inhibitor efficiency stability at 168 hours signifies that

PEQ is a promising corrosion inhibitor for FSS in 0.5
molar sulphuric acid solutions at different time of
immersion.

3.1.3. Effect of temperature

The temperature effect on the inhibition performance
of the inhibitor studied was carried out, weight loss
measurement was investigated in the temperature
range 298 K—318 K, and the result is shown in figure 4.
With an increase in a temperature range from 298 K to
318 K, it is expected that the inhibitor efficiency
decreased with temperature; however, in the present
study, the corrosion rates of the studied inhibitor was
found to reduce with temperature, signifying that the
inhibitor process of adsorption on the FSS surface is
exothermic. The inhibition efficiency was found to




10P Publishing

Surf. Topogr.: Metrol. Prop. 9 (2021) 045050

O Sanni etal

-

-

Corrosion rate (mm/year)

T T T T
0 200 400

Concentration of PEO (ppm)

Figure 4. Variation of corrosion rate with concentration at various temperatures.
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Figure 5. Optical images of FSS after corrosion test in 0.5 M H,SO, solution (a) without and (b) with inhibitor.

decrease in 0.5 molar sulphuric acids. Further temper-
ature rise, decreased the inhibitor efficiency but at
higher concentrations the decrease was minimal.
Figure 3 further shows that, the inhibitor efficiency
increased with increasing PEO concentrations but
slightly decreased as the temperature increases. The
decrease in the PEO efficiency with temperature may
be ascribed to the adsorbed oil components on the
surface of the ferritic stainless steel. Therefore, it is
pertinent to conclude that the high inhibitive perfor-
mance of the essential oil in this study could be ascri-
bed to the high phytochemical constituent in the
essential oil. In addition, the presence of O, C as shown
in the chemical structure of PEO serves as the adsorp-
tion site of the essential oil onto the FSS surface, there-
fore enhances the FSS protection from the corrosive
agent in the aqueous solutions. This observation could
be clarified as: desorption and adsorptions of the inhi-
bitor molecule occur continuously at the steel surface
and at an exact temperature, equilibrium exists
between the two processes. The equilibrium between
desorption and adsorption process is shifted with the

increase in temperature resulting in high desorption
than adsorption rate till equilibrium is attained again
at diverse equilibrium constant values. This clarifies
the low inhibitor performance at high temperatures
[29]. The obtained corrosion rates values with temper-
ature show that the PEO adsorbed on the surface of the
steel is physical at higher and low temperatures; che-
mical adsorption may also take place.

3.2. Electrochemical measurement

The effect of the studied inhibitor on the polarization
and corrosion behavior of the FSS was investigated in
0.5 M H,SO, solution. Anodic-cathodic polarization
of the FSS in the presence and absence of PEO in 0.5 M
H,SO, has been performed and presented in figure 6.
The entire analysis of the polarization curve was done
and the electrochemical corrosion data of corrosion
rate, corrosion current densities (i), corrosion
potential (E,,,), cathodic Tafel slope (/3,), and anodic
Tafel slope ((,) as a function of PEO concentrations,
are shown in table 1. Accordingly, the corrosion
current densities value is accurately estimated by
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Figure 6. Potentiodynamic polarization curves for FSS in 0.5 M H,SO, with and without different concentrations of PEO.

|— Blank solution

Table 1. Potentiodynamic polarization parameters for the corrosion of FSS in 0.5 M H,SO solutions with different concentrations of PEO.

Concentration Polarization Corrosion rate Inhibition
(ppm) B(Vdec ™) B.Vdec)) I,,(Acm? resistance (£2) E.r(V) (mm yearfl) efficiency (%)
Blank solution 0.21177 0.42562 0.000531 32.267 —0.38809 6.1703 —

200 0.14375 0.15872 0.000391 40.997 —0.38776 4.5389 84

400 0.10611 0.10795 0.000358 83.866 —0.38515 4.1595 93

600 0.037744 0.090035 0.000247 94.023 —0.36299 2.8721 95

800 0.18516 0.068736 0.000143 974.88 —0.35533 1.6621 97

1000 0.022757 0.032814 5.99E-06 1617.3 —0.15672 0.0696 98

extrapolating the cathodic linear region back to the
corrosion potentials. The Tafel line region indicates
that the presence of PEO compounds often shifted the
anodic and cathodic lines to lower current density with
the PEO concentrations indicating that this com-
pound is a mixed-type inhibitor. With the presence of
1000 ppm, the corrosion current density value
decreased from 0.000531 A cm ™~ to 5.99E-06 A cm >
for the PEO, respectively. Also, the corrosion rate
values decrease with inhibitor concentrations, because
of the increase in the blocked fraction of the surface of
the electrode by adsorption. No noticeable drastic
change in the Tafel cathodic values indicating that the
mechanism of hydrogen evolution did not change
with the presence and absence of the inhibitor. At a
high concentration of the inhibitor, the anodic values
decreased, indicating a change in the metal dissolution
mechanism. The presence of the inhibitor at the
studied concentrations decreases gradually the current
densities with an increase in the PEO concentrations.
The corrosion rate value decreases drastically with the
presence of PEO, indicating that PEO is an excellent
inhibitor for FSS in 0.5 M sulphuric acid media. The
parsley essential oil is capable of selective adsorption

like other inhibitors, that is, they are adsorbed on the
inner portion of the electrical double layers. The
substances adsorbed shift most of the positively
charged ions from the outer Helmholz plane, thereby
limiting the ease of access of the surface of the metal
for the reactive positive ion. Indicating, the essential
oil blocks the surface of the metal and so the reaction
rate of the hydrogen evolution reduces, and thus the
overall corrosion reaction rate decreases. It was
inferred that the parsley essential oil is a mixed-type
inhibitor and its inhibitive performance is due to
simple geometric blocking mechanisms [30].
Obtained values from weight loss test and potentiody-
namic polarization curves are in good agreement.

3.3. Adsorption consideration

The main step in the action of most organic corrosion
inhibitors in the acid environments has been consid-
ered to be adsorption at the solution-metal interface.
The degree of surface coverage parameter plays a
major role in the evaluation of inhibitor behavior and
is used to fit data from the experiment to adsorption
isotherms to have a better understanding of the
inhibition mechanism. PEO fits Langmuir adsorption

6
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Figure 7. Langmuir adsorption isotherm with PEO in the acid solution.
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Figure 8. Temkin adsorption isotherm with PEO in the acid solution.
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isotherms with straight lines for the log C versus log
(6/1-0) plots. The obtained straight line shows that
adsorption is the main process of inhibition. This
observation explains that the increase in inhibitor
performance with concentrations indicate that the oil
substituent’s component number adsorbed increased
over the FSS surface blocks the active site, where direct
acid attack proceed and protect the steel from corrod-
ing, whereas diminished inhibitor performance with
temperature suggests physical adsorption (electro-
static interaction of the essential oil phytochemical
constituent) on the surface of the FSS forming a
protective film and thus shields the steel from
corroding.

3.3.1. Langmuir isotherm

To deduce whether there is formation of an insoluble
complex layer on the metal surface acting as a barrier
between the corrosive medium and the surface of the

metal usually termed as physisorption, the Langmuir
adsorption isotherms were used. The Langmuir plots
describe the relationship between the inhibitor con-
centration and the metal surface coverage. The Lang-
muir adsorption isotherms can be express as [31],

c 1

—==+4C 4
7 X 4)
Where C is the inhibitor concentration, 6 is the degree
of surface coverage, and K adsorption equilibrium
constant. The logarithms of equation (4) yield:

Log(C/0) = log C — log K (5)

The plot of C/0 versus C are linear as presented in
figure 7 with R? value of 0.999. The R* value and slope
is approximately unity, denoting strong adherence to
the Langmuir adsorption isotherms. The suitability of
the studied inhibitor to the Langmuir adsorption
isotherm denotes no interaction between the adsor-
bent and the adsorbate [32, 33].
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Table 2. Thermodynamic data’s of FSS with the presence of PEO in the acid solution.
Free energy of adsorption —AG (kJ mol) " at
Concentration (ppm) EakJmol ! different temperature range —ASkJmol ™! AHkJ mol™*
298K 303K 308 K 313K 318K

Blank solution 62 32 13

200 60 14.85 15.99 15.88 17.70 18.96 31 13

400 57 14.79 15.96 15.77 17.61 18.74 30 13

600 55 14.51 15.95 15.51 17.24 18.74 30 13

800 52 14.49 15.92 15.48 17.31 18.22 30 12
1000 51 14.46 15.91 15.42 17.27 18.17 30 12

3.3.2. Temkin isotherms

The concentration of the inhibitor (C) is linked with
the degree of surface coverage () in the Temkin
adsorption isotherm following equation (6) [34]:

Exp(—2a6) = KC (6)

Where K is the adsorption equilibrium constant and a
is the attractive parameter. Equation (7) [34] is
obtained by rearranging and taking the logarithm of
equation (6).

0 = —2.303log K/2a — 2.3031log C/2a 7)

The plot of surface coverage versus the logarithm of
concentration as presented in figure 8 gives an R value
of 0.79054 denoting that PEO strongly obeys Lang-
muir adsorption better.

3.4. Activation energies

The apparent activation for the corrosion process is
estimated from Arrhenius plots following equation (8)
[35]:

W = KeypEa/RT (8)

Where Ea is the apparent activation corrosion energy,
T absolute temperature, k is the Arrhenius pre-
exponential constant, and R universal gas constant.
Table 2 shows the Arrhenius values for the FSS
corrosion. The apparent activation energy (Ea) values
of hydrogen evolution reactions for uninhibited FSS in
sulphuric acid solutions agree with the data reported
in the literature on the activation energy for steel in
acidic solutions [31]. The existence of PEO modified
the Ea values; this modification can be ascribed to the
mechanism change of the process of corrosion with
the PEO adsorbed molecules [36]. The decrease in
inhibitive performance of PEO with an increase in
temperature and a corresponding increase in activa-
tion energy values in the inhibited solutions compared
to uninhibited solutions is interpreted often as being
indicative of the physical adsorbed layer formed [37].
The authors [38] attributed the lower activation
energies value to inhibitor adsorption slow rate with a
resultant closer approach to equilibrium during the
experiment at high temperatures. While the decrease
in corrosion activation energies at a high level of
inhibition occurs from shifting the net corrosion
reactions from the parts not covered on the surface of
the metal to the covered ones was explained by [39].
The authors [40] found that organic molecule inhibits

the cathodic and anodic partial reaction on the surface
of the electrode and parallel reactions take place on the
areas covered, while, the reaction rates on the areas
covered is considerably less than the areas uncovered.

3.5. Thermodynamic parameters

Thermodynamic parameters: AG, AS, and AH, were
calculated from the temperature study results. Table 2
shows the obtained values at different temperatures
for the PEO concentrations. The obtained negative
free energy of adsorption values denotes the adsorp-
tion spontaneity process and the stable adsorbed layer
on the metal surface. The negative values of AG more
than —40 (KJmol™!) involves transfer or charge
sharing from the molecules of the inhibitor to the
surface of the metal to form a co-ordinate bond type
indicating the chemical type of adsorption while the
AG values up to —20 (KJmol ") are generally consis-
tent with electrostatic interactions between a charged
metal and the charged molecules, and the adsorption
process denotes physical adsorption [41]. The AG
values vary from —15.2to —19.4in 0.5 M H,SO, in the
present study indicating that PEO functions by
adsorbing physically onto the metal surface. The result
of electrostatic attraction between the charged species
in the bulk solution and the charged surface of the
metal is physisorption. The negatively charged adsorp-
tion species is eased if the metal surface is positively
charged, and the positively charged species can as well
protect the positively charged surface of the metal
which acts with a negatively charged intermediate,
such as acid anion adsorbed on the surface of the
metal. Though, physisorption is the main contributor
whereas chemical adsorption contributed slightly to
the adsorption mechanism as a result of the decrease
in the inhibitor performance with an increase in
temperature [42]. In this study, the temperature effects
and AG values on the FSS corrosion with the presence
of PEO in the sulphuric acid solution support the
physical process of adsorption on the surface of FSS.
The AS and AH values were calculated from
equation (9).

AG = AH — TAS C)]

The entropy of adsorption (AS) and enthalpy of
adsorption (AH) values are calculated from the plots
of AG versus T. The positive values of the enthalpy
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Figure 9. SEM micrograph of ferritic stainless steel immersed in acid solution (a) without PEO (b) with PEO.
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Figure 10. XRD spectra of ferritic stainless steel samples with and without inhibitor.

with the PEO reflect the endothermic nature of the
FSS process of dissolution signifying that the metal
dissolution is difficult [37, 43]. The entropies (AS)
negative values with the presence of PEO in the acid
solutions shows that the PEO molecule, moving freely
in the bulk solutions was orderly adsorbed on the
surface of FSS. This observation shows that the
activation complex in the rate-determining steps
signifies the association step than the dissolution steps,
signifying that a decrease in disordering occurs from
the reactant to the activated complex [44]. The changes
in AS and AH with inhibitor concentration imply that
the process is entropic and enthalpic controlled.

3.6. Surface analysis

The scanning electron microscope (SEM) image was
recorded to ascertain the interactions of the inhibitor
molecule with the surface of FSS. The SEM image of
the FSS specimens after 168 h of immersion in 0.5 M
H,S0O, solutions in the absence and presence of 1000
ppm (optimum concentration) of PEO is shown in
figure 9. The SEM images show clearly that the
corrosion reaction does not occur homogeneously
over the FSS surface in 0.5 molar sulphuric acid
solutions. In the uninhibited solutions, the specimen
undergoes general corrosion as shown in figure 9(a),
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Figure 11. Proposed scheme for adsorption of PEO on the Type 430 ferritic stainless steel in 0.5M H,SO, solutions.

where the entire surface was highly attacked. The PEO
present in the solution prevents the corrosion in the
inhibited solutions; a slight attack shows on the metal
surface (figure 9(b)). In the case of the inhibited
solutions, the specimen is free of attack but the polish
scratch on the specimen still appears. However, the
surface is remarkably protected by the essential oil in
comparison to the inhibitor-free solution. Figure 10
shows the XRD patterns of inhibited and uninhibited
ferritic stainless steel samples. The XRD spectra show
the presence of austenitic phases and found no traces
of diffraction peaks of secondary phases; nitrides or
carbides precipitations. The XRD patterns of the
samples show the same diffraction peaks but the peak
intensity ratios are different for inhibited and unin-
hibited samples, due to the PEO film form on the
inhibited sample. The XRD results also show that both
samples have the ferritic structure, which is a body-
centered cubic structure [45]. The inhibited sample
depicts a more dominant austenite phase due to its
high inhibition protection of PEO on the steel surface.
The high dominant austenite phase in the inhibited
sample is due to the reduced grain growth owing to the
existence of a stable PEO layer on the steel surface. An
additional peak at 26 = 82° formed could be due to
reactions of different elements present in the stainless
steel composition with oxygen or each other due to
SO,%~ in the corrosive solution that may act as a
catalyst.

3.7. Inhibition process

The essential oils are composed of different naturally
occurring organic compounds with C and O atoms in
their functional group and O-heterocyclic ring, and
these act as reaction centers resulting in film formation
on the steel surface. This compound may be proto-
nated in the test solutions; therefore, the inhibitive
behavior of PEO might be attributed to the PEO
components adsorbed on the steel surface [46]. The

corrosion inhibition performance of natural com-
pounds is mainly because of the presence of complex
organic species. This organic compound contains a
polar function with O and C, and conjugated double
bond or aromatic ring in their molecular structure,
which is the main adsorption center [41]. In addition,
the anti-corrosion performance is ascribed to the
heterocyclic constituents present in the PEO which
form adsorbed films on the metal surface. The first
stage of the inhibition process in this study is electro-
static adsorption which occurred between the nega-
tively charged metal surface and the cationic species.
The adsorbed organic molecule orientation at the
surface of the metal is significant, suggesting the
molecules are adsorbed physically via the positively
charged atom and the aromatic ring parallel to the
surface of the metal. Therefore, the PEO molecules
will cover a large area of the surface of the metal. This
is evident by the high inhibition performance of the
essential oil, especially at low concentrations. The PEO
compound physisorption is also evident from the
larger negative value of AGads and the lower value of
Ea, with the presence of the inhibitor compound and
the decrease in inhibition efficiency values with temp-
erature. We assume that the formed complex between
the metal surface and the essential oil molecules occurs
owing to the inhibitor molecules’ adsorption on the
ESS surface. The adsorption layer serves as a barrier
between the aggressive solution and the metal surface.
The results from the different techniques used suggest
the same order for inhibition efficiency, denoting the
consistency in the experimental data. Assigning a
general mechanism of action to an inhibitor is often
impossible since the action of the mechanism could
change with experimental conditions. Therefore, the
major inhibitor mechanism in acid solution may vary
with different factors: the inhibitor concentration, the
nature of the acid anion, the nature of the metal, and
other species present in the solution [42]. In the
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present study the mode of adsorption considered can
be summarized as:

i. The protonated PEO may adsorb through electro-
static interactions between the negatively charged
surface of the metal and the positively charged
molecules. A coordinate bond may be formed by
partial transfer of an electron from the polar atom
(O atom) to the metal surface when protonated
PEQ is adsorbed on the surface of the steel. Also,
due to the lone-pair electron of O atoms in PEO
or protonated PEO may combine with Fe*™ ion
freshly generated on the surface of the steel to
form a metal-inhibitor complex [31].

Fe — Fe?™ + 2e~ (10)
PEO + Fe** «» [PEO — FeP* 1)
[PEO,** + Fe?* < [PEO, — Fe]®™9+  (12)

Sruthi et al [16] proposed a similar type of
mechanism. This complex may be adsorbed onto
the surface of the steel by Vander Waal forces
forming a protecting layer to retard FSS against
corrosion. The efficient inhibition of the PEO
could also be owing to the phytochemical consti-
tuent large size of the essential oil covering a wide
area of the surface of the metal thereby minimiz-
ing the rate of corrosion.

ii. The neutral PEO could be adsorbed onto the FSS
surface via the physisorption mechanisms, invol-
ving the displacement of water molecules from
the FSS surface and the sharing electrons between
the O atoms and Fe (see figure 11).

=

4, Conclusions

Based on the obtained results from the electrochemical
and weight loss measurement, the following conclusions
are drawn: Parsley essential oil effectively inhibited the
corrosion of Type 430 ferritic stainless steel in 0.5 M
H,SO, solutions. The inhibition efficiency increases
with inhibitor concentration, and the maximum effi-
ciency of 98.65% was achieved at 1000 ppm concentra-
tion of the essential oil. The corrosion rate of the steel
increases with temperature, signifying the adsorption of
the oil on the metal surface is physisorption and fits the
Langmuir adsorption isotherm. The negative free energy
of adsorption denotes spontaneous and strong PEO
adsorption on the surface of the steel. The potentiody-
namic polarization test shows that PEO affects the
cathodic and anodic Tafel slope which suggests that the
inhibitor acted as a mixed-type inhibitor.
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