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ABSTRACT: The inhibiting effect of Lavendula stoechas extract on the corrosion of Monel alloy
400 in 0.5 M sulfuric acid at different temperatures (298-328 K) was evaluated by mass loss measurements
and electrochemical techniques, including Electrochemical Impedance Spectroscopy (EIS) and
potentiodynamic polarization. The corroded surfaces of metal samples were examined using
an atomic force microscope (AFM). Experimental results revealed that the inhibition efficiency
increases with increasing inhibitor content and decreases with increasing temperature. The maximum
inhibition efficiency was approximately 90.81%, and was reached in the presence of 0.25 g/L inhibitor
at 298 K. The inhibitory action of Lavendula extract was realized via the adsorption of phytochemical
constituents on the metal surface. The adsorption follows the Langmuir adsorption mechanism.
Thermodynamic parameters suggested that the adsorption was spontaneous at different temperatures,
supporting a mixed physisorption and chemisorption mechanism. Electrochemical impedance
spectroscopy indicated that the inhibitor ameliorates the film formed at the metal/solution interface.
Potentiodynamic polarization studies reveal that the inhibitor behaves as a mixed-type inhibitor,
with a predominantly anodic tendency. AFM studies confirmed the adsorption of Lavendula extract
on the Monel alloy surface.
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INTRODUCTION

Corrosion is a spontaneous process that results in the
conversion of metals or alloys to a more stable state, by
way of their chemical or electrochemical reaction with the
environment. It is an undesirable phenomenon in many
industrial applications, such as water treatment, acid pickling,
and chemical cleaning, as it causes tremendous economic loss
and potential safety hazards [1,2]. Monel 400, an alloy
of nickel-containing approximately 30-33 wt.% copper,
is one of the most preferred alloys for metal construction
in many industrial fields, such as marine and chemical
processing equipment, due to its excellent mechanical
properties. However, in acidic environments, this alloy
suffers from selective leaching, wherein nickel
is preferentially corroded and removed from the alloy, leading
to a porous material with low strength and ductility [3,4].
There exist various methods by which to overcome the
corrosive attack caused by acidic solutions, such as
coating, use of corrosion inhibitors, and cathodic and
anodic protection. In many practical applications, the use
of corrosion inhibitors is the most widely used method
for corrosion prevention. Unfortunately, the majority
of synthetic organic and inorganic inhibitors are toxic
to human beings, as well as expensive and environmentally
harmful [5,6]. Recently, due to the hazardous environmental
effects associated with traditional inhibitors, their use
has become limited. Meanwhile, the exploration of
naturally-occurring substances as corrosion inhibitors
is becoming a field of extensive investigation, due principally
to the non-toxic nature and abundance of various active
species that can be extracted using simple and
economically feasible procedures.

Several plant extracts have been reported as being good
corrosion inhibitors for different metals in acidic media [7-
10]. The corrosion inhibition effectiveness of these
compounds is due to the presence of complex constituents
in their composition, such as tannins, flavonoids,
alkaloids, polyphenols, and amino acids, which contain
heteroatoms with high electron density like nitrogen,
phosphorus, oxygen, and sulfur, aromatic rings, and
conjugated double bonds [11,12]. The inhibitive action of
plant extracts proceeds via the adsorption of their active
species on the metal surface, which blocks active sites by
displacing adsorbed water molecules at the metal/solution
interface, and form a compact barrier film. The adsorbed
film acts as a physical barrier, and can prevent metal
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dissolution by reducing the kinetics of the anodic and/or
cathodic reactions of corrosion [13]. The purpose
of the present research is to investigate the inhibition effect
of Lavandula stoechas, a potential non-toxic corrosion
inhibitor for Monel 400 in sulfuric acid (0.5M). The evaluation
of corrosion inhibition performance was carried out
by weight loss measurements, potentiodynamic and
electrochemical impedance spectroscopy (EIS) techniques.
The surface morphology was examined using an Atomic
Force Microscope (AFM).

EXPERIMENTAL SECTION
Material and electrolyte

The chemical composition (in weight %) of Monel
alloy 400 samples used in all experiments was as follows:
nickel (min 63%), copper (28-34%), iron (2.5%),
manganese (2%), carbon (0.3%), silica (0.5%), sulfur
(0.024%). The Monel 400 sheet was cut into dimensions
of 10 mm x 10 mm x 4 mm for electrochemical studies,
and 20 mm x 10 mm x 4 mm for gravimetric studies.
Samples for electrochemical studies were embedded into
epoxy resin, leaving an exposed area of 1 cm?. Prior to all
experiments, the exposed surfaces of all specimens were
mechanically polished with a series of emery paper grades
(240, 400, 600, 800, 1000, and 1200). Then, the specimens
were degreased with acetone, washed with distilled water,
and dried.

The corrosive electrolyte was sulfuric acid (0.5 M),
which was made from H,SO, (analytical Reagent grade
95-97%) and distilled water.

Plant extract preparation

The collected leaves of Lavandula stoechas were dried
after rinsing with water, and then pulverised in a hand mill.
The obtained leaves’ powder (30 g) was macerated in
methanol (150 mL) at room temperature for 48 h. The
resulting mixture was filtered and concentrated using a
rotary evaporator. The main components of the methanolic
Lavandula stoechas extract are: flavonoids, apigenin7-
glucoside, luteolin, luteolin 7- glucoside, and luteolin 7-
glucuronide [14].

Methods
Electrochemical tests

A potentiostat/galvanostat (Voltalab PGZ301) was used
for electrochemical tests, and a traditional three- electrode
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Fig. 1: Polarization curves of Monel 400 measured

with different concentrations of Lavandula stoechas extract
in 0.5 M H2S04 at 298 K

electrochemical cell was constructed. In the experiments,
a prepared Monel specimen was used as the Working
Electrode (WE), a platinum electrode was used as the
auxiliary electrode (CE), and a Saturated Calomel
Electrode (SCE) was used as a reference electrode. After
the Open Circuit Potential (OCP) reached the steady state,
EIS measurements were carried out, and the
potentiodynamic polarization curve was obtained.
EIS tests were conducted within the frequency range
of 100 kHz to 10 mHz, with an amplitude of 10 mV.
The corrosion inhibition efficiency (IEim%) of the studied
inhibitor calculated according to the change in charge
transfer resistance (Rc), using Eq. (1) [15]:

[Egis% = [Rct - Rgt/Rct] 100 1)

Where R?, and R are the charge-transfer resistances
without and with different concentrations of the extract,
respectively.

Polarization curves were measured using a sweep rate
of 0.6 mV/s, and the scanning potential range was from
—350 mV/(SCE) to +150 mV/(SCE). The inhibition
efficiency (IEp%) was estimated from the change in
corrosion current density (icorr), as per Eq. (2) [16]:

IEp%: [igorr'icorr /igorr] 100 (2)

Where i), and icrr are the corrosion current densities
of Monel 400 in uninhibited and inhibited solutions,
respectively.

Weight loss method

The Monel specimens were immersed for 1h in the test
solutions, which were maintained at different temperatures
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(298-328 K). Before performing the experiment, the Monel
coupons were polished and weighed. The cleaned Monel
coupons were then immersed in the test solution (100 mL).
After immersion, the corroded/inhibited specimens
were cleaned, dried in air at room temperature,
and then reweighed. The corrosion rate of the specimens
was calculated as per Eq. (3) [17]:

Cr=AW/A.t 3

Where AW is the weight loss of Monel specimens (g),
A is the total area of one Monel specimen (cm?), and t is
the immersion time (h). From the corrosion rate thus
obtained, the inhibition efficiency (Ec%) and the surface
coverage (0) were calculated according to Egs. (4) and (5) [18]:

E¢%—=[CR-Cr/C3].100 (4)
6=E;/100 (5)

Where C% and Ck are the corrosion rates of Monel 400
specimens in blank and inhibited corrosive media, respectively.

Surface morphology analysis

The Monel samples were prepared for surface
morphology analysis as described in the mass loss
measurement section. The polished metal samples were
immersed for 24 h in the acidic medium, either without or
with the optimum concentration of Lavandula stoechas
extract. After cleaning with water and drying, the corroded
samples were scanned using a Dimension ICON AFM
with Scan Asyst.

RESULTS AND DISCUSSION
Potentiodynamic polarization

Polarization measurements were performed to assess
the inhibition performance of the extract and to investigate
the kinetics of corrosion reactions. The potentiodynamic
polarization curves obtained for Monel 400 in 0.5 M
H,S0, solution, without and with various concentrations
of inhibitor, are shown in Fig. 1. Kinetic parameters such
as corrosion current density (icorr), corrosion potential
(Ecorr), cathodic and anodic Tafel slopes (B¢, R.), and
inhibition efficiency (IE,%) are illustrated in Table 1.
It is clear from Fig. 1, that all cathodic curves display
a diffusion-limited plateau region, which is attributed
to the oxygen reduction process. By contrast, all anodic
curves exhibit well-defined Tafel regions, which
may indicate the formation of a non-passive layer
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Table 1 : Electrochemical parameters derived from polarization curves for Monel 400 in 0.5 M H2SOa4 in the absence and presence

of Lavandula stoechas extract at 298K

(" Cin(glL) Ecor(MV) ioorr WA/CIT?) B.(V/dec) By(V/dec) E,) )
Blank -51.788 10.705 53.9 46.6
0.05 -33.608 4.467 23.9 251.4 58.27
0.1 -42.869 3.104 428 199.1 71.00
0.15 -35.679 2.087 30.9 188.8 80.50
0.2 -61.897 1.655 42.6 118.7 84.53
\_ 025 -36.502 1.311 37.5 155.2 87.75 )
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Fig. 2 : Nyquist diagrams (a), bode plots (b), phase plots (c), and fitting circuit (d) of Monel 400 in 0.5M H2SO:s in the absence and
presence of different concentrations of Lavandula stoechas extract at 298K

formation of a non-passive layer on the metal surface.
When comparing the polarization curves of the specimen
without or with inhibitor, no significant difference in curve
shape can be observed, indicating that the studied green
inhibitor can protect the metal without changing the
corrosion mechanism. Analysis of the data in Table 1
reveals that the values of E¢o are shifted towards a more
noble direction in the presence of various concentrations
of inhibitor. However, cathodic displacement was only
observed at an inhibitor concentration of 0.25 g/L.
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Furthermore, the maximum variation in Ecor With respect
to the blank sample is less than 85 mV [19,20]. This
observation clearly shows that the Lavandula stoechas
extract controls both the anodic and cathodic reactions;
thus, acting as a mixed-type inhibitor with a predominantly
anodic tendency. The change in B, and B¢ in the inhibited
solutions supports the idea that the tested inhibitor controls
both the anodic and cathodic reactions. Along these lines,
we also observed a decrease in the corrosion current
density and an increase in the inhibition efficiency with
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Table 2 : Electrochemical parameters of Monel 400 in 0.5 M H2SO:a solution without and with Lavandula stoechas extract at 298K

(Cinh(g/L) R (Q.cm?) CPE#im (Flcm?) N Rfim (Q.cm?) CPEy (F/lcm?) n, R (Q.cm?) IEg;s (%) )
Blank 1,716 0,00030782 0,84668 92,4 0,00091559 0,791 230,3
0.05 1,691 0,00016597 0,88198 278,3 0,00059836 0,84031 611,4 62.33
0.1 1,772 0,00012971 0,88081 277,4 0,00056865 0,8493 833,6 72.37
0.15 1,846 0,00017093 0,80825 376 0,00038647 0,78196 1290 82.14
0.2 1,53 0,00015055 0,87293 664,9 0,00036927 0,82919 1669 86.20
\_ 0.25 1,547 0,00014989 0,8486 700,4 0,00019318 0,91479 2173 89.40 )

increasing inhibitor concentration in the acidic medium.
The observed inhibitive action of Lavandula stoechas
extract can be attributed to the formation of a barrier layer
by the adsorbed phytochemical constituents on the metal
surface [21].

Electrochemical Impedance Spectroscopy (EIS)

Fig. 2 shows the Nyquist and Bode plots of Monel 400
in 0.5M H,SO,, both in the absence and presence of
various concentrations of Lavandula stoechas extract. It
can be seen that the Nyquist diagrams are characterised by
a flattened, semi-circular shape. This behavior is due to
frequency dispersion, induced by the roughness and
inhomogeneity of the metal surface. It can also be
observed in Fig. 2(a) that the radius of the capacitive loop
of the inhibited substrate increased with the concentration
of corrosion inhibitor. These observations clearly suggest
the adsorption of inhibitor molecules onto the active sites
of the metal surface [22]. On the other hand, it is clear from
the Bode modulus diagram (Fig. 2(b)) that the impedance
modulus at low frequencies increases with inhibitor
concentration, compared to that of the blank electrode. The
shift of |Z| may be attributed to the formation of a
protective layer on the Monel surface [23,24]. It is also
clear from the phase angle curves (Fig. 2(c)), that the
experimental spectra experience two relaxation processes.
The low-frequency relaxation process is referred to the
charge transfer process, and the high-frequency process is
related to the adsorption of the inhibitor at the
metal/solution interface. In addition, the effect of the
inhibitor on the Monel surface is clearly detectable in the
high-frequency domain. It can be seen that the addition of
Lavandula stoechas extract to the electrolyte in these tests
increases the maximum phase angle of the high-frequency
constant time. The increase in phase angle with inhibitor
concentration reveals a decrease in the surface roughness,
as a result of the enlarged surface coverage.
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According to the Nyquist and Bode plots, the equivalent
circuit with two time constants (Fig. 2(d)) was adopted to
simulate the obtained EIS. In the proposed model, R, Ry, and
R are the resistances relative to the corrosive electrolyte, the
oxide layer formed on the metallic surface, and the charge
transfer process in the double layer, respectively. Qs and Qg
are the Constant Phase Elements (CPE) of the corrosion
product and the double layer, respectively. CPE is used as a
substitute for of pure capacitance, owing to the non-ideal
performance of the working electrode [25]. CPE can be
expressed as per Eq. (6) [26]:
Zeps=Y5 (W) (6)

where Zcpe is the impedance of CPE, j is an imaginary
unit, o is the angular frequency, Yo is a constant, and n is
the dispersion coefficient. Generally, in the case of n =0,
-1, +1, and %, the CPE represents a pure resistor,
an inductor, a pure capacitor, or Warburg impedance,
respectively [27].

The electrochemical impedance parameters found from
analysis of the Nyquist diagram are listed in Table 2.
It can be seen from this table that the both CPEsim and
CPEy are reduced, while R and Ry increase after the addition
of Lavandula stoechas. This phenomenon may be attributed
to an increase in the insulating performance of the double
layer, as a result of inhibitor adsorption. Thus, adsorption
of more inhibitor species as the inhibitor dose increases
results in a further increase in the thickness of the electrical
double layer, and/or a decrease in the local dielectric
constant [28,29]. The calculated inhibition efficiency
follows a similar trend to the polarization measurements,
reaching a maximum of 89.40% in the presence of 0.25 g/L
of Lavandula stoechas extract.

Weight loss measurements

The assessment of the corrosion inhibition of Monel
400 by Lavandula stoechas extract was also conducted
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Table 3: Weight loss parameters for Monel alloy 400 in 0.5 M H2SO4 containing Lavandula stoechas extract

4 Con (0/L) Cr (g.cmh) Ec% 0 )
0 1.8410°

0.05 7.08 10° 61.50 0.615

0.1 4.93 10 73.20 0.732

0.15 3.04 10° 83.47 0.8347

0.2 2.3110° 87.40 0.874
\_ 0.25 1.69 10° 90.77 0.9077 Y,
0.00002 R —o—EG% 100 400 in 0.5 M H,SO, was investigated, at temperatures
| &0 ranging from 298 to 328K. The calculated data are displayed
0.000015 1 in Table 4. It can be seen that an increase in the temperature
;j 60 o of the solution increases the corrosion rate of both
% 0.00001 1 fca the uninhibited and inhibited samples, and results in a slight
Z 40 decrease in corrosion inhibition efficiency and surface
©0.000005 1 L 0 coverage. The decrease in inhibitor performance as the
temperature rises is due to electrostatic interaction between

0 T T 0 the inhibitor molecules and the metal surface [32].

0 01 Ginh g/) ©2 0.3

Fig. 3: Corrosion rate and inhibition efficiency of Monel 400
specimens in 0.5 M H2S0O4 with and without Lavandula extract
using the weight loss method

using the gravimetric method, due to its ease of
implementation and good reliability. This was performed
by immersing Monel 400 specimens in H,SO, (0.5 M)
solution containing varying concentrations of inhibitor for
1h at room temperature (298 K). The parameters calculated
from gravimetric measurements, in terms of corrosion rate
(Cr), inhibition efficiency (E;%), and surface coverage
(0), are summarised in Table 3. It can be seen here that,
with enhancing inhibitor concentration in the solution,
the corrosion rate of Monel 400 decreases and the
inhibition efficiency increases. The increase in inhibition
efficiency with increasing inhibitor concentration is a
consequence of the increased number of adsorbed
Lavandula phytochemicals’ constituents on the metal
surface, and the subsequent formation of a protective
barrier that isolates the active sites of the metallic surface
from the active species in the test solution [30,31]. A plot
of inhibition efficiency vs. inhibitor concentration (Fig. 3)
shows that the maximum efficiency (90.77%) was recorded
when 0.25 g/L Lavandula extract concentration was used.

Effect of temperature
The influence of temperature on the corrosion of Monel
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Activation and thermodynamic parameter calculations

The Kinetic corrosion parameters of Monel alloy 400
in 0.5 M H,SO, before and after adding the studied extract
can be calculated by Arrhenius (Eq. (7)) and transition
state equations (Eg. (8)) [33,34]:

log(C) =-E,/2.303 RT +k @

log(Cg/T)=[log(R/Nh)+(AS,/2.303 R)]-
[AH,/2.303 RT] ®)

Where E, is the activation energy, R is the universal
gas constant, T is the absolute temperature, k is the
Arrhenius constant, h is Planck's constant, N is Avogadro's
number, AH, is the activation enthalpy, and A4S, is
activation entropy.

The values of E, were calculated from the slopes of the
plot In Crvs. 10%T (Fig. 4). AS, and AH, values were
calculated from the slopes and intercepts of the plot In
(Cr/T) vs. 10%T (Fig. 5). The calculated values of the
Kinetic parameters are summarised in Table 5. From this
table, it can be seen that the E, values of the inhibited
specimens are higher than those of the uninhibited
specimen. This result indicates the inhibitor's ability over
the entire range of temperatures tested to create a
protective barrier against corrosion [35,36]. The positive
values of AH, in inhibited and uninhibited solutions
suggest that the corrosion process is endothermic [37]. The
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Table 4: Corrosion rate and corresponding inhibition efficiency for the corrosion of Monel 400 in 0.5 H2SO4 without and with various
concentrations of Lavandula stoechas extract at different temperatures.

TR Cim (L) Cr (9. cm?h) Ec% o\
Blank 0,0000184
0.05 0,00000708 61.52 0.6152
0.1 0,00000493 73.20 0.7320
298 0.15 0,00000304 83.47 0.8347
0.20 0,00000231 87.44 0.8744
0.25 0,00000169 90.81 0.9081
Blank 0,0000436
0.05 0,0000176 59.63 0.8563
0.1 0,0000131 69.95 0.6995
308 0.15 0,00000773 82.27 0.8227
0.20 0,00000632 85.5 0.855
0.25 0,00000484 88.89 0.8889
Blank 0,0000503
0.05 0,0000209 58.44 0.5844
0.1 0,0000170 66.20 0.6620
318 0.15 0,00000992 80.27 0.8027
0.20 0,00000792 84.25 0.8425
0.25 0,00000622 87.63 0.8763
Blank 0,0000645
0.05 0,0000313 51.47 0.5147
0.1 0,00002867 55.55 0.5555
0.15 0,0000226 64.96 0.6496
328 0.20 0,0000206 68.06 0.6806
\_ 0.25 0,0000180 72.05 0.7205 J
-4

log CR (g.cm-2h-1)
&

¢ Blank H0.05¢g/L A0.19/L
x0.15g/L  x0.2g/L ©0.25g/L
-6 T T T
3 3.1 3.2 3.3 3.4
1000/T(K-1)
Fig. 4 : Arrhenius plots for Monel 400 corrosion in 0.5 M
H2S04 solution with different concentrations of Lavandula

stoechas extract

results show that the entropies of activation are negative
both in the absence and presence of the investigated
inhibitor, and exhibit a gradual increase as the inhibitor
content is increased. The negative values of AS, imply
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that the system crosses from an ordered to a more
disordered arrangement. The increase in disorder can be
ascribed to the replacement process of water molecules
during the adsorption of inhibitor molecules on the metal
surface [38].

Adsoption isotherm

Adsorption isotherm studies play a reliable role in
understanding the interaction between the metal surface
and inhibitor molecules. Various isotherms, such as
Langmuir, Freundlich, Frumkin, Temkin, EI-Awady, and
Flory-Huggins, have been evaluated in an attempt to
clarify the adsorption behavior of Lavandula stoechas
extract. However, the best agreement was obtained using
the Langmuir adsorption isothermal equation, as follows

(Eq. (9) [39]:
Cinn/0=[1/Ky4s]+Cipn ©)

Research Article



Iran. J. Chem. Chem. Eng.

Table 5: Activation parameters of Monel 400 in the presence of
Lavandula stoechas extract at different concentrations in 0.5 M
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Table 6: Langmuir adsorption fitting and thermodynamic
adsorption parameters for Lavandula stoechas adsorption at
various temperatures

(Con(@L) | E.(kdmol®) | AH,(.mol?) | AS,(@.molK) ) T(K) R? K a0 (Lg) AGY,. (kd/mol)
Blank 32.871 34.403 =217 298 0.999 27.855 -25.34
0.05 37.395 34.799 -223 308 0.998 26.954 -25.25
0.1 44.764 42.755 -200 318 0.991 25.974 -25.17
0.15 50.617 48.217 -186.5 L 328 0.990 25.641 -25.14 )
0.2 54.88 52.307 -175
L 025 59.524 56.548 163 ) 035 { o208k m308K
318 K %328 K
0.3 1
-6
- eBlank M0.05g/L A40.1g/L 0.25 1
¥ -65 x015g/L +02g/L ©0.25g/L e 02
— c
: | \ S 0.15 -
g 0.1
o)
C 7o 0.05 . . . .
g 0.04 0.09 0.14 0.19 0.24
> 8 Cinh (g/L)
8
-85 T T T Fig. 6: Langmuir isotherm for adsorption of Lavandula
3 3.1 3.2 3.3 3.4 stoechas extract onto Monel 400 surface in 0.5 M H2SOs at
1000/T (K-1)

Fig. 5: Transition-state of Monel 400 corrosion in 0.5 M H2SO04
solution with various concentrations of Lavandula stoechas extract

Where Cin is the inhibitor concentration and Kags is the
adsorption equilibrium constant for the adsorption/desorption
process. As displayed in Fig. 6, plotting Cinn vS. Cinn/6
reveals a linear relationship. The strong correlation (R? >
0.99) indicates that the adsorption of the investigated
inhibitor on the metal surface fully obeys this isotherm.
The Langmuir adsorption isotherm assumes that the
adsorbed species occupy only one surface site and that
there are no interactions with other adsorbed species
[40,41].

The standard adsorption free energy (AGYy) of

the inhibitor molecules can be calculated according to
Eq. (10) [42]:

AGY=-RTIn (1000K ) (10)

Where 1000 refers to the mass concentration of water

molecules in the solution (g/L). The calculated values of

0

AGY,, are reported in Table 6. Negative values for AGY,

indicate that the adsorption of the inhibitor molecules
on the Monel surface is a spontaneous process [43]. It is
generally considered that the adsorption type is regarded

as physisorption if the value of AGY, is less negative
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different temperatures

than-20 kJ/mol. The adsorption mechanism is due to
the electrostatic interaction between the charged metal and
inhibitor molecules. When the absolute value of AG2, is
more negative than —40 kJ/mol, the adsorption may be considered
as chemisorption, which involves the sharing of electron
pairs between heteroatoms or m—electrons of aromatic
rings to form rigid, coordinated bonds [44]. For the
adsorption system in this work, the calculated values
of AGY,, were between —20 and —40 kJ/mol, confirming

that the inhibitor adsorbs on the Monel surface by
electrostatic and chemically-interactive processes [45].

Atomic Force Microscopy (AFM) characterization

The surface texture of Monel alloy 400 samples was
studied using AFM. Fig. 7 shows the three-dimensional (3D)
AFM micrographs of Monel 400: (a) after immersion in 0.5
M H,SO, without inhibitor, and (b) with 0.25 g/L of inhibitor
for 24 h, under atmospheric conditions. The (3D-a) image
shows that the surface of the Monel 400 electrode dipped
in the uninhibited solution was damaged drastically. In
contrast, in the solution containing 0.25 g/L of inhibitor, AFM
analysis of the Monel alloy reveals a smooth surface (3D-b).
The reduction in surface damage can be explained by
the adsorption of inhibitor molecules on the metal surface.
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13um

-1.3 pm

Fig. 7: AFM images in 3-D formats for Monel alloy 400 after immersion in 0.5 H2SOa4 solution (a) without and with (b) Lavandula

stoechas for 24 h under normal atmospheric condition

CONCLUSIONS

The inhibition performance and adsorption behavior of

Lavandula stoechas as a green corrosion inhibitor for

Monel alloy 400 in 0.5M H,SO, solution were evaluated

via gravimetric method, electrochemical techniques, and

surface analysis. The results obtained led to the following
conclusions:

eWeight loss measurements and electrochemical
investigations showed that Lavandula stoechas extract
was an effective inhibitor against Monel 400 corrosion
in 0.5M H,SO;, solution. The extract’s anticorrosive
effectiveness was found to increase with concentration
and decrease with increasing temperature. The
maximum inhibition efficiency of 90.81% was obtained
at 298 K, at an inhibitor concentration of 0.25 g/L.

e The inhibition performance of Lavandula stoechas
extract is mainly due to the formation of a protective
layer via the adsorption of its phytochemical
constituents on the metal surface. The adsorption
isotherm illustrates that the process fits well the
Langmuir monomolecular adsorption model. The
thermodynamic parameters calculated from the weight
loss results showed that the adsorption process of
Lavandula stoechas extract is spontaneous, and may
proceed through both physisorption and chemisorption
mechanisms.

e EIS measurements show two time constants, which are
attributed to the faradaic process and the adsorbed
protective layer on the metal surface.

e The potentiodynamic polarization measurements reveal
that the tested extract behaves as a mixed-type corrosion
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inhibitor, which adsorbs onto the metal and reduces
both anodic and cathodic kinetics.

e AFM morphology analysis proved that Lavandula
stoechas can effectively adsorb onto the metal surface,
and reduce the corrosion rate of Monel 400 in 0.5 M
sulfuric acid.

Nomenclature

0 surface coverage

AH, activation enthalpy

AS, activation entropy

i corrosion current density in uninhibited
solution

R charge-transfer resistances in unhibited
solution

AGYys standard adsorption free energy

A Surface

AFM atomic force microscope

C% corrosion rates in blank solution

Cinn inhibitor concentration

CPE constant phase elements

Cr corrosion rates in inhibited solution

E% inhibition efficiency

Ea activation energy

Ecorr corrosion potential

EIS electrochemical impedance spectroscopy

icorr corrosion current density in inhibited
medium

i imaginary unit

k Arrhenius constant

Kads adsorption equilibrium constant

n dispersion coefficient

Research Article



Iran. J. Chem. Chem. Eng.

N Avogadro's number

Qui constant phase elements of the double layer

Qs constant phase elements of corrosion product

R universal gas constant

R? Correlation coefficient

Rt charge-transfer resistances in inhibited
solution

Ry resistances of the oxide layer

Rs resistances of the corrosive electrolyte

BRa anodic Tafel slope

Be cathodic Tafel slope

T the absolute temperature

Yo Constant

Zcpe impedance of CPE

AW weight loss

® angular frequency
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