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Corrosion Inhibition of L-Methionine Amino Acid
as a Green Corrosion Inhibitor for Stainless Steel
in the H,S0, Solution
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This study investigated the effect of L-methionine (LMT) on the corrosion behavior of AISI309S stainless
steel in 1 M H,SO, solution using electrochemical impedance spectroscopy (EIS), Tafel polarization, and
electrochemical noise methods. The performance of corrosion inhibition was analyzed by scanning electron
microscopy, atomic force microscopy, adsorption isotherms, x-ray photoelectron spectroscopy (XPS), and
contact angle measurement. The electrochemical studies revealed a significant increase in the charge
transfer resistance and a reduction in the corrosion current density in the presence of LMT in the acidic
media. The results of the EIS and Tafel tests determined the corrosion inhibition efficiency to be about 97%
and 95%, respectively. The microscopy analysis showed that the surface suffered lower corrosion damages
in the presence of LMT. Besides, the adsorption of LMT on the anodic sites of the surface through its sulfur

atom was verified by EIS and XPS studies.

Keywords 309S stainless steel, corrosion inhibitor, L-Methionine
(LMT)

1. Introduction

The application of corrosion inhibitors is among the most
effective, practical, and economical techniques for protecting
metals and alloys in various corrosive media (Ref 1, 2).
However, a large number of conventional corrosion inhibitors
show high toxicity and are hazardous to health, including
chromates, nitrite, and aromatic heterocyclic compounds.
Therefore, eco-friendly inhibitors are highly recommended for
corrosion protection (Ref 3-6). Natural products extract from
the plant sources (Ref 1-5) and also several non-toxic organic
compounds containing polar functional groups with nitrogen,
oxygen and/or sulfur in their molecules have been effectively
applied as inhibitors in many systems exposed to corrosion
(Ref 4, 5). However, some of these compounds are ineffective
at higher temperatures (Ref 6). Amino acid compounds are
considered as the popular green corrosion inhibitors because
they are non-toxic, biodegradable, and low cost, as well as
being soluble in aqueous media (Ref5, 7-9). Amino acid
molecules have at least one carboxyl (-COOH) group and one
amino (-NH;) group, which are usually bonded to the same
carbon atom. In physiological media, twenty different kinds of
amino acids exist, which form proteins. The presence of
heteroatoms (e.g., S, N, and O) and conjugated m-electron
systems on their molecules are the main reasons for their
potential use as eco-friendly corrosion inhibitors (Ref 10).
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Amino acids have been widely applied as corrosion inhibitors
in many applications (Ref 11). There are several studies
regarding the capability of amino acids for preventing corrosion
in the case of iron (Ref 12, 13), steel (Ref 14, 15), aluminum
(Ref 16, 17), nickel (Ref 18, 19), copper (Ref 20, 21), and Cu-
Ni (Ref 22, 23). The amino acid methionine [CH3-S-CH,-CH,-
CH(CO,H)NH,] has also been shown to be an excellent
corrosion inhibitor (Ref 24). Its high inhibition efficiency can
be linked to the presence of the S atom, which enhances its
binding to the surface of metals. This molecule contains both (-
NH,) and (-S-CHj3) groups (Ref 13). The mechanism of the
corrosion inhibition is based on the adsorption of the amino
acid on the active sites of metals and/or the deposition of
corrosion products with the formation of a 3-D layer on the
surface of metals. The inhibition efficiency depends on the
behavior of this layer, the configuration of the amino acid
compounds, and the state of the surface (Ref 15, 22).
Austenitic stainless steel has a wide range of applications in
various chemical industries due to its toughness, plasticity, and
excellent corrosion properties in aqueous environments
(Ref 25). Stainless steel (SS) alloys are extensively used in
various industrial applications such as chemical manufacturing,
food processing, and oil refining industries. Generally, stainless
steel alloys are more corrosion resistant compared to ordinary
steels when exposed to an acid solution (Ref 26). A few reports
in the literature have focused on the corrosion protection of
stainless steel by applying amino acid compounds. Ghanyl
et al. (Ref 25) studied the inhibition effect of four amino acid
compounds on the corrosion behavior of 316L stainless steel in
1 M H,SOy. In this study, glycine, leucine, and valine were able
to inhibit the corrosion damage, while the application of
arginine accelerated the corrosion rate of stainless steel. Their
results showed that a high concentration of arginine led to the
electrochemical activation of surface and might dissolve the
passivation layer, leading to an increase in the anodic
dissolution of the steel (Ref 25). Silva et al. (Ref 27) investi-
gated the effect of cysteine on the corrosion behavior of 304L
stainless steel. According to their report, high concentrations of
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cysteine led to the higher electrochemical activation of the
surface of 304L stainless steel, which possibly dissolved the
passivation layer and promoted the anodic dissolution of the
stainless steel (Ref 27). Madkour et al. (Ref 28) evaluated the
corrosion inhibition of 16/14 austenitic stainless steel by several
amino acid molecules in a hydrochloric acid solution. Polar-
ization curves revealed that the transpassive zone shifted
toward more positive potentials in the presence of the amino
acid, which indicated greater stability of passive film in the
acidic media (Ref 28).

Corrosion behavior of 309S stainless steel in an acidic
media was rarely studied so far (Ref 29-32). 309S stainless
steel shows more resistance in the chemical plant and welding
when compared to the conventional 304 types. It also possesses
acceptable mechanical properties and corrosion resistance due
to its higher Cr (~ 23 wt.%) and Ni (~ 13 wt.%) content
(Ref 29). Gharbi et al. (Ref 32) studied corrosion inhibition of
AISI309 austenitic stainless steel by 2,2’-bipyridyl in 0.5 M
H,S0, at 298 K using different electrochemical methods. They
found that the maximum inhibition efficiency was 87.78% with
10°* M of inhibitor. The obtained results confirmed the
adsorption of inhibitor molecules on the surface of 309 stainless
steel.

In the present work, authors have studied the corrosion
inhibition of AISI309S austenitic stainless steel by the addition
of L-methionine in 1 M H,SO,4. The corrosion behavior was
investigated using potentiodynamic polarization (Tafel), elec-
trochemical impedance spectroscopy (EIS), and electrochemi-
cal noise methods. Besides, the characterization of samples has
been performed by scanning electron microscopy (SEM),
energy-dispersive  spectroscopy (EDS), x-ray diffraction
(XRD), x-ray photoelectron spectroscopy (XPS), and atomic
force microscopy (AFM).

2. Materials and Methods

309S stainless steel plates (composition in wt.%: Fe: 97.7,
C: 0.0617, Si: 0.46, Mn: 1.03, Cr: 22.66, Ni: 13.4, P: 0.0152,
S < 0.0002, and Fe: balance) were cut to the dimension of
40 mm x 20 mm with a thickness of 3 mm. These samples
were sanded with silicon carbide sandpapers (up to 1200 grit
size), degreased in acetone, washed in distilled water, and dried
in cold air. The L-methionine amino acid (LMT) powder was
purchased from BioShop Canada Inc. The analytical grade of
the sulfuric acid (H,SO4, Merck, 35-37%) was diluted with
distilled water to obtain 1 M H,SO,4. The solutions were
prepared with an LMT concentration of 0, 50, 100 (low
concentrations), 400 (medium concentration), and 700 ppm
(high concentration) to study their effect on the corrosion
resistance of 309S stainless steel.

All of the electrochemical studies were conducted using a
three-electrode cell. In this cell, a Pt wire and an Ag/AgCl were
utilized as a counter electrode and a reference electrode,
respectively. A 309S stainless steel plate with an exposed area
of 1 cm? was employed as the working electrode. For this aim,
the sample was coated with a 3:1 mixture of beeswax and
colophony resin. The electrochemical experiments were per-
formed with an AUTOLAB PGSTAT 302 potentiostat that was
controlled by NOVA software. The EIS measurements were
taken at stable OCP with an amplitude of 10 mV in a frequency
range of 10 kHz to 10 mHz. The ZView 3.1 software was
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employed to analyze the results of the EIS by applying
equivalent circuits. Additionally, the EIS tests were performed
from the cathodic to the anodic potentials for the non-
containing and containing LMT solutions (700 ppm) to find
the mechanism of corrosion inhibition at different potentials.
The potentiodynamic polarization curves were recorded by
sweeping the electrode potential from — 250 to + 250 mV
versus Ag/AgCl with a scan rate of 1 mV s~'. Tafel extrap-
olation method was used to obtain the polarization parameters
such as corrosion current density (ico), corrosion potential
(Ecor), and cathodic and anodic slopes (f. and f3,). Moreover,
the electrochemical noise (EN) analysis was conducted in 1 M
H,S0, in the presence and absence of 700 ppm of LMT, while
two identical working electrodes of stainless steel and an Ag/
AgCl reference electrode were immersed in the solution. The
reference electrode was placed at an equal distance between the
two working electrodes in the H,SO,4 solution. The potential
and current noise data in the time domain were transformed to
the frequency domain using the fast Fourier transform (FFT).
Hann window function was applied to draw the power spectral
density (PSD) of the data obtained by FFT. The electrochemical
tests were repeated at least three times to ensure data
reproducibility.

The surface morphology of the as-received and the corroded
309S stainless steel plates was analyzed using an optical
microscopy (Meijitechno IM7200) and a field emission scan-
ning electron microscope (Camscan Mira Model). The elemen-
tal distribution of oxygen and sulfur was also examined with
the EDS detector. The x-ray diffraction pattern was recorded
using an X’Pert Pro MPD diffractometer with monochromatic
CuKo (/. = 1.5406 A) radiation in the 20 range of 40°-80°. The
surface topography and roughness average (R,) of 309S
stainless steel plates were examined after 1 h of immersion in
the 1 M solution of H,SO, without and with 700 ppm of LMT
using an atomic force microscope (Nanosurf Flex model). The
scanning area was set to a dimension of 10 um x 10 um. X-
ray photoelectron spectroscopy (XPS) with an Al K anode at
the energy of 1486.6 eV was applied to investigate the
chemical state of 309S stainless steel after immersion in the
solution containing 700 ppm LMT. The pressure of the ultra-
high vacuum with 1 x 10”7 Pa was employed in the chamber
for surface analysis. The values of the binding energy were
determined by calibrating and fixing the C (1s) line to 285.0 eV
content. The contact angle of the samples immersed in the
H,SO, solution was measured by an optical contact angle
measuring device (Data physics OCA1S plus).

3. Results and Discussion

Figure 1(a) and (b) shows the microstructure and x-ray
pattern of 309S stainless steel, respectively. Figure 1(a) pre-
sents the optical micrograph of the as-received plate, which is
composed of the austenite (96.5%) and delta ferrite (3.5%)
phases. The effects of the o-ferrite phase on the corrosion
resistance of austenitic stainless steel can be explained by the
formation of a Cr-depleted zone, low concentrations of Cr and
Mo in the y phase, and the segregation of sulfur or phosphorus
along with the austenite and ferrite interface (Ref 33). Based on
literature reports, a higher delta ferrite content (5.61 wt.%)
leads to the sensitization of stainless steel due to the precip-
itation of harmful phases (Ref 34). The d-ferrite phase, which is
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Fig. 1 (a) Optical micrograph and (b) x-ray diffraction pattern of as-received 309S stainless steel
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Fig. 2 Nyquist plots for corrosion of 309S stainless steels after 1 h
of immersion in 1 M H,SO, solution without and with different
concentrations of LMT

shown as a dark phase in Fig. 1(a), is probably formed at the
early stages of solidification. The average grain size of austenite
in the as-received specimen is 115 & 10 pm. The XRD pattern
of the as-received specimen is shown in Fig. 1(b), which
confirms the presence of y- austenite or d-ferrite phase.

The corrosion behavior of the stainless steel immersed in
1M H,SO, for 1h containing LMT was studied using
electrochemical impedance spectroscopy technique. Figure 2
shows Nyquist plots with their fits, which illustrate the effect of
LMT on the corrosion behavior of stainless steel in the H,SO4
solution. These curves consist of a single semicircle at the
higher frequencies and a “pseudo-inductive” loop at the lower
values. The capacitive loop is related to the charge transfer
resistance process, while the appearance of the pseudo-induc-
tive loop can be explained by the relaxation of adsorption
species such as (S04 )uas and (H'),gs on the surface of the
electrode. It can also be related to the re-dissolution of the
passivated surface (Ref 35, 36). According to the Nyquist plots,
the diameter of the semicircle increases when LMT is added to
the H,SO, solution, which is probably due to the inhibition
performance of LMT. The diameter of the capacitive loop in the
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Fig. 3 Equivalent circuit corresponding to the corrosion

phenomenon at in interface of 309S stainless steel without and with
LMT in the H,SO, solution

presence of LMT is larger than in the absence of LMT. This
shows that there is an increase in the charge transfer resistance,
which is in agreement with the literature (Ref 35, 37). The
improvement in the resistance by increasing the inhibitor
concentration is a sign of high LMT-molecule adsorption on the
surface of the mild steel, indicating the effective block of the
surface (Ref 38).

The ZView3 software was used for evaluating the
impedance data. These data were fitted according to an
equivalent circuit, as presented in Fig. 3. The elements related
to this circuit consist of a solution resistance, R, a charge
transfer resistance, R, a constant phase element, CPE, and an
inductance, L. R, is the resistance of the solution between the
reference and the working electrodes, and R represents the
charge transfer resistance at the metal/electrolyte interface.
Moreover, R value is the diameter of the capacitive loop,
which is directly proportional to the corrosion resistance. R
can be expressed as the value corresponding to Z' (real
impedance) when Z” (imaginary impedance) = 0, which is
acquired at intermediate frequencies. L is the inductance and
corresponds to the low-frequency inductive loop. The appear-
ance of inductance in the EIS plots is mainly due to the
adsorbed or desorbed intermediates or other species on the
surface of the electrode (Ref 39). In this study, CPE has been
used instead of a pure capacitance (C) to consider the non-ideal
capacitive response of the interface. The impedance of a CPE is
equal to 4~' (i w)™". Here, 4 is a constant related to the
interfacial capacitance, i is an imaginary number, ® is the
angular frequency, and # is an exponential factor between — 1
and 1. CPE can show resistance (n = 0, 4 = R), capacitance
(n=1, A= C), inductance (n =— 1, A= L), and Warburg
impedance (n = 0.5, A = W) depending on the value of n. Pure
capacitance behavior is indicated by n = 1, while n often ranges
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Table 1 EIS parameters for the corrosion of 309S stainless steel immersed in the 1 M H,SO, without and with different

concentrations of LMT after 1 h of immersion

Inhibitor concentration R,, Q@ cm® R, Q cm? CPE, pF cm™? R;, Q cm’ L, H cm® 1IE, %
0 1.7 54 250 235 540
50 1.73 382 140 1347 6499 85
100 2.14 1184 73 4367 25,216 95
400 1.39 1465 69 6500 45,022 96
700 1.88 1750 61 8053 78,872 97

from 0 to 1 in practice (Ref 39, 40). L and R; are, respectively,
the inductance (H cm?) and inductive resistance (Q cm?). The
values of the corrosion parameters related to the blank and the
inhibitor-containing H,SO,4 solutions with different concentra-
tions are presented in Table 1. Charge transfer resistance
changes from 54 to 1750 Q cm” as the LMT concentration
increases from 0 to 700 ppm. Also, CPE-T of the uninhibited
sample is higher than the amount of CPE-T related to the
inhibited specimens. For instance, the value of CPE-T for the
LMT-free solution and the 700 ppm LMT-containing solution
is 250 and 61 pF cm 2, respectively. These changes in the
value of CPE-T illustrate the adsorption of LMT on the stainless
steel, which is accompanied by an increase in the thickness of
the electrical double layer (capacitance R d~') (Ref 35). The
adsorption of a higher amount of LMT can result in the greater
accumulation of this molecule (higher thickness d) and leads to
a lower amount of capacitance. Also, by changing the LMT
concentration from 50 to 700 ppm, L and R; change from 6499
to 78872 H cm? and 1347 to 8035 Q cm?, respectively. These
are noticeably higher than L =540 Hcm * and R, = 235
Q cm? for the solution without LMT.

As the concentration of the inhibitor increases, the value of
the charge transfer resistance becomes greater, which indicates
the improved adsorption of the LMT molecule on the surface of
the mild steel and leads to effective blocking on the surface
(Ref 38). According to Eq 1, the inhibition efficiency (IE%)
was calculated based on the impedance data by comparing the
values related to the charge transfer resistance with and without
LMT (Ref 38):

inh
Rt _ Ry
inh
Rct

IE% = x 100 (Eq 1)

where R™ and R, are the inhibited and uninhibited charge
transfer resistance, respectively.

The values of IE% for different concentrations of LMT are
presented in Table 1. According to this table, IE% increases
from 85 to 97% for 50 and 700 ppm LMT in the H,SOy4
solution, respectively. The inhibition efficiency is optimized
with methionine (IE% = 97) for 700 ppm of LMT. The basis of
the inhibition process is the adsorption of the amino acid
molecules on the active sites and/or deposition of corrosion
products on the surface of metal (Ref 41).

The potentiodynamic polarization measurements were taken
in 1 M H,SOy, in the presence or absence of LMT, as shown in
Fig. 4. It is evident that in all the experiments, the polarization
curves included two active zones in which the hydrogen
evolution and iron dissolution reactions occurred in the
cathodic and anodic sides, respectively (Ref 35). Also, both
the cathodic and anodic reactions of the steel were inhibited
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Fig. 4 Tafel polarization curves related to the corrosion of 309S
stainless steel in 1 M H,SO, in the absence and presence of LMT

when LMT was added to the acidic solution. Methionine with
concentrations higher than 50 ppm could limit both the
cathodic and anodic reactions. The addition of methionine
could assist in reducing the anodic dissolution of iron and also
postpone the hydrogen evolution reaction. Tafel lines with
almost equal slopes were observed, which emphasized that the
hydrogen evolution reaction was controlled by the activation
process. The stability of the cathodic slope might be a sign that
the mechanism of the proton discharge reaction did not change
with the addition of methionine to the H,SO4 solution (Ref 5).

Table 2 summarizes the estimated corrosion potential (E¢or),
corrosion current density (i..y), and Tafel slopes (f5, and f.)
which were obtained using Tafel extrapolation method.
According to this table, the corrosion current density in the
absence of LMT was 103 pA cm 2. However, the i, values
in the presence of 50-700 ppm LMT reduced from 46 to
5 HA cm 2. The lower i.,, showed that the surface was
covered with a higher amount of corrosion inhibitor and,
therefore, better performance in the H,SO, solution was
observed. The corrosion potential moved toward the cathodic
direction for an LMT of 50 and 100 ppm, while a shift in the
anodic direction was observed for an LMT of 400 and 700 ppm
in comparison with the uninhibited specimen. The most
considerable potential shift was observed when 700 ppm of
LMT was added to the H,SO, solution. This behavior revealed
the changes in the mass and charge transfer reactions by the
addition of LMT (Ref 35). In other words, the adsorption of
LMT on the surface of the alloy hindered the dissolution of
elements and limited the mass transfer at the interface. The
inhibitor can be considered as a mixed-type inhibitor if the
movement of the E,,, becomes lower than 85 mV in the
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Table 2 Potentiodynamic polarization parameters for the corrosion of the stainless steel in 1 M H,SO, without and with

different concentrations of LMT

Inhibitor concentration icorm HA em™? Eor, mV versus Ag/AgCl e, mV dec™! Pay mV dec™! 1IE, %
0 103 — 339 52 38
50 46 — 357 50 41 55
100 12 — 351 48 40 88
400 7 — 323 52 39 93
700 5 — 321 51 40 95

absence and presence of a corrosion inhibitor. Otherwise, the
corrosion inhibitor could be regarded as an anodic or a cathodic
class (Ref 35, 42, 43). In the present study, the maximum
observed shift in the value of E..,, was 21 mV toward the
anodic region, which was recorded for the solution with
700 ppm of LMT, which indicated the mixed-type nature of the
inhibitor with anodic tendency (Ref 44). As can be observed,
the addition of 700 ppm of LMT resulted in a higher difference
in the anodic potentials compared to an uninhibited sample,
indicating a lower corrosion rate. Additionally, the formation of
the LMT layer on the surface of the stainless steel samples
could reduce the hydrogen evolution and the electron transfer at
the interface of the stainless steel/H,SO,4 solution by increasing
the charge transfer resistance and reducing the double-layer
capacitance.

The inhibition efficiency (IE%) based on the 7., values is
calculated from Eq 2:

10 -inh

IEY, = ‘eor—feom (Eq 2)

corr

-COIT

where /™ and ;5 are the inhibited and uninhibited corrosion
current densities, respectively. It is obvious that the i, values
decrease when methionine is added to the solution. In this
regard, the inhibition efficiency reaches a maximum value of
95% that relates to the solution containing 700 ppm of LMT.
As the inhibition efficiency increases with the addition of the
inhibitor, a larger number of LMT molecules are adsorbed on
the surface of the metal, leading to the higher coverage of the
surface (Ref 41).

Figure 5(a) and (b) shows the EIS spectrum in the absence
(a, ¢) and presence (b, d) of LMT (700 ppm) in the H,SOy4
solution with different applied cathodic or anodic potentials.
The high-frequency region of the Bode and phase angle plots
describes the behavior of an inhomogeneous surface layer,
whereas the low-frequency region presents the charge transfer
reaction phenomenon (Ref 45, 46). As can be observed in these
figures, impedance modulus and phase angle increase by
sweeping the potentials toward the anodic regions. The
impedance modulus increases about one order of magnitude
(from 2.1 to 61.3 Q cm?) in the absence of LMT, while it
increases more than two orders of magnitude (from 131 to
15,100 Q cm?) in the presence of 700 ppm of LMT. It is
believed that the increase in potential in the vicinity of OCP can
help to provide diffusion layers of soluble reactant or product
species (Ref 47, 48). The maximum phase angle increases from
4° to 52° in the absence of LMT. However, its value changes
from 65° to 69° in the presence of 700 ppm of LMT. The
possibility of the formation of the ferrous layer increases by
sweeping the potential toward the anodic direction. Therefore,
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the likelihood of the adsorption of the LMT increases from its
negative site on the positive ferrous species. As mentioned
before, the LMT possesses an anodic tendency at higher
concentrations. The greater values of the impedance modulus
and phase angle of the sample exposed to the solution
containing 700 ppm of LMT compared to the uninhibited
samples can be explained by the adsorption of LMT at these
potentials.

Figure 6 presents CPE versus potential, which was obtained
from EIS measurements of the stainless steel in the 1 M H,SO,4
containing 700 ppm of LMT. The value of the double-layer
capacitance (Cg) is calculated using Eq 3 (Ref 45):

1
B 2m 'fmax : Rct

where fi.x 1s the frequency at the highest imaginary impedance
and R is charge transfer resistance. R, could be substituted by
the impedance modulus at some anodic potentials related to
700 ppm of LMT. The EIS data in each potential were extracted
and transferred to this plot.

The potential of zero charge (PZC) plays a crucial role in the
electrostatic adsorption of the species. The ac impedance study
was carried out to evaluate the potential of zero charge
(Ref 49). The Antropov’s rational corrosion potential (E.),
which is the electrode potential in a reduced scale, could be
expressed by the potential of zero charge (Epyc) of the same
electrode and can be calculated by Eq 4 (Ref 50):

Cq (Eq 3)

E. = Eocp — Epzc (Eq 4)

In the present study, £ is calculated as + 229 mV, which
shows the positive charging of 309S stainless steel in 1 M
H,S0, solution in the presence of 700 ppm of LMT. It is most
probable that the inhibitor molecules can be directly adsorbed
on the stainless steel surface by the electrostatic interactions
between the positively charged metal surface and the anionic
portion of the inhibitor molecules. The inhibitive action of the
LMT in the H,SO, solution can be explained by the physical
adsorption of the negatively charged LMT to the positively
charged surface, forming a barrier layer on it. The charge
sharing or transfer between the d orbitals of the metal and LMT
molecules can take place after the adsorption of the LMT on the
surface. The chemical adsorption of the inhibitor molecules is
also a result of the donor—acceptor interactions taking place
between the free electron pairs of the N, S, and O atoms, as well
as the m electrons of the multiple bonds and empty d orbitals of
the metal (Ref 51). The quantum chemical evaluations reveal
that the LMT molecules are noticeably able to exchange
electrons with the metal surface (Ref 5). On the other hand, the
adsorption of methionine through the positively charged
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Fig. 5 EIS plots related to the corrosion of 309S stainless steel in 1 M H,SO, in the absence (a and c) and presence (b and d) of 700 ppm of

LMT at different potentials
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Fig. 6 Capacitance vs. potential plot recorded for 309S stainless
steel electrode in 1 M H,SO, solution containing 700 ppm of LMT

nitrogen atom may not occur most probably due to the presence
of a positive charge on the surface of the steel in the H,SOy4
solution, according to Eq 4. Therefore, a high degree of surface
coverage is expected as a result of the adsorption of this
compound at the anodic sites on the surface of stainless steel
through its molecular configuration (Ref 52).
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Fig. 7 Power spectral density (PSD) of current for the steel and the
steel/700 ppm LMT measured in 1 M H,SO, solution

The electrochemical noise technique was also utilized to
evaluate the corrosion performance of the steel immersed in the
H,SO, solution containing 700 ppm of LMT. The power
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spectral density (PSD) of the measured current for the stainless
steel immersed in the H,SO, solution without and with
700 ppm of LMT is shown in Fig. 7. A lower value of PSD
(I) for the steel/700 ppm LMT reveals a higher corrosion
resistance due to the adsorption of the methionine molecule on
the surface of the stainless steel. Furthermore, a reduction in the
noise level is a sign of the lower electrochemical activity of the
steel immersed in the solution containing LMT (Ref 53).
Moreover, the noise resistance (R,), which was calculated by
the ratio of the standard deviations of the voltage fluctuations to
the current variations (Ref 54, 55), revealed that the corrosion
resistance of the stainless steel immersed in the H,SO, solution
containing 700 ppm of LMT was higher compared to the
uninhibited sample. The calculated R, for the steel/700 ppm

SEM MAG: 25.0 kx

WD: 10.84 mm BI: 10.00
View field: 8.30 ym |Date(m/dly): 03/13/19

LMT was 650 Q cm?, while that of the uninhibited steel was
75 Q cm?. The higher resistance of the steel/700 ppm LMT
could be explained by the existence of heteroatoms (e.g., S, N,
and O) and conjugated n-electrons on the molecular structure of
LMT (Ref 10).

SEM and AFM studies were conducted to investigate the
surface and elemental analysis of the 309S stainless steel
immersed in the acidic solution containing 700 ppm of LMT.
Figure 8(a) shows that the uninhibited surface of stainless steel
was attacked in the H,SOy4 solution, and several pits appeared.
According to the FESEM micrographs, the surface of the
sample showed a rough morphology with several pits in the
absence of LMT, which reveals a corrosion attack. The surface
of 309S stainless steel sample immersed in the solution

Fig. 8 FESEM micrographs and EDS maps of (a and b): stainless steel immersed in 1 M H,SO, solution; (c and d) stainless steel immersed in

1 M H,SO, containing 700 ppm of LMT
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Fig. 9 AFM surface topography of the 309S stainless steel specimens (a and b) steel immersed in 1 M H,SO,4 without inhibitor, (¢ and d) steel

immersion in 1 M H,SO, in the presence of 700 ppm of LMT

containing 700 ppm of LMT suffered fewer damages than the
uninhibited sample (Fig. 8c). The smooth morphology and the
lower damages were observed in the presence of 700 ppm of
LMT in the acidic solution. The results of EDS mapping
revealed the presence of O and S on the surface of the steel. The
greater value of the oxygen element corresponding to the
uninhibited sample indicated the presence of higher corrosion
products on the surface of the steel (Fig. 8b). On the other
hand, the higher amount of detected sulfur on the sample
dipped in the solution with 700 ppm of LMT confirmed the
adsorption of the inhibitor molecules (CsH;;NO,S) on the
surface of the steel (Fig. 8d).

Atomic force microscopy was employed to evaluate the
surface topography of 309S stainless steel specimens immersed
in the 1 M H,SOy, solution without and with 700 ppm of LMT.
The AFM images and the height profiles are presented for both
samples in Fig. 9. The measured R, value for the specimens
without and with LMT was about 320 and 32 nm, respectively.
This is in agreement with the literature (Ref 56, 57) and can be
explained by the adsorption of LMT, which forms a protective
barrier. In the presence of LMT, the corrosion resistance was
enhanced, and a different surface morphology with a smoother
surface was observed. The effect of the LMT inhibitor in
reducing the surface roughness is in agreement with the works
of other researchers (Ref 35).

Figure 10(a) and (b) shows the adsorption isotherm accord-
ing to the EIS and polarization data, respectively. The data
could be well fitted according to the Langmuir isotherm
(Ref 58). Langmuir adsorption isotherm is presented according
to Eq 5 (Ref 58):

Cion 1

0 Kads + Cinn

(Eq 5)

where C is the concentration of the inhibitor, K4 is the
adsorption equilibrium constant, and 6 is the degree of surface
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coverage of the inhibitor. The plot of (Ci,,/0) versus Cjnp
illustrates a linear relationship, as shown in Fig. 10. The
parameters related to the Langmuir isotherm are provided in
Table 3. If the value of R? is higher than 0.96, it indicates the
excellent fitting of the data to the Langmuir adsorption isotherm
(Ref 58). Since the experimental results are properly fitted to
the Langmuir adsorption isotherm, the other adsorption
isotherms have not been examined.

Another parameter that can be assessed from the adsorption
isotherm is Gibb’s free energy. Standard Gibb’s free energy
AGY; can be calculated using Eq 6 (Ref 58):

AGY. = —RT In(55.5K,qs) (Eq 6)

where R is the gas constant and 7 is the absolute temperature.
The concentration of water in the solution is 55.5 mol 1"
Generally, the value of Angs up to — 20 kJ mol ™! indicates
the physical adsorption arising from the electrostatic interaction
between the charged inhibitor molecules and the surface of the
steel, while Angs less than — 40 kJ mol™' reveals the
chemical adsorption, emphasizing the sharing or transferring
of the charge from the inhibitor molecule to the surface, which
forms a coordinate bond (chemisorption) (Ref 59, 60). If the
calculated values of AG stand between — 20 and
— 40 kJ mol™", it is supposed that the adsorption includes
both physisorption and chemisorption reactions (Ref 35). As
can be observed in Table 3, Angs for the EIS and polarization
tests is calculated to be — 35 and — 33.3 kJ mol ™', respec-
tively. Therefore, the adsorption possesses both physisorption
and chemisorption characteristics when 309S stainless steel is
immersed in the H,SO,4 solution containing LMT.

The feasibility of a chemical reaction occurring between the
methionine and the surface can be verified by XPS analysis.
The spectra of the steel dipped in the 700 ppm of LMT are
presented in Fig. 11(a). The figure shows that C, N, O, S, and
Fe are present in this sample, which indicates the adsorption of
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Fig. 10 Graph of the Langmuir isotherm study calculated for the adsorption of LMT on 309S stainless steel specimens in 1 M H,SO, obtained

from (a) EIS and (b) polarization data

Table 3 Adsorption parameters calculated for the
adsorption of LMT on the surface of stainless steel in 1 M
H,SO, obtained from EIS and polarization tests

Obtained data R Kaas AG3%, kJ mol !
EIS 0.9999 25,000 — 35
Polarization 0.9997 12,500 — 333

methionine on the surface. The XPS spectra of the Fe 2ps),
(Fig. 11b) reveal a broadband that emphasizes a combination of
several peaks, which are the characteristics of the surface of the
steel. The spectrum of the steel immersed in the solution
containing LMT shows three peaks of about 707.3, 709.2, and
711.68 eV, which belong to the Fe(IT)-S, Fe(IIl)-S, and Fe(III)-
O bonds, respectively. The LMT cab interact with the corroding
surface of the steel via the protonated amino groups by
adsorbing at the cathodic sites and hindering the hydrogen
evolution; or through the sulfur atom in its molecular structure,
which may adsorb at the anodic sites reducing the dissolution
rate of iron (Ref41). As mentioned in the EIS section, the
adsorption of LMT would be favored during the anodic sweep
of the potential, which can be explained by the enhancement of
the interaction between the sulfur and the surface of the steel at
the anodic potentials. The formation of FeS bonds could
emphasize this behavior according to the XPS results.

Figure 12 shows the contact angle measurement of the
stainless steel surfaces after dipping for 1 h in the solution in
the absence or the presence of different concentrations of LMT.
The results revealed an increase in the contact angle by the
addition of LMT. The greatest increase in contact angle was
observed in the case of 700 ppm of LMT. The contact angle
increased from about 71 to 85° with the addition of the
corrosion inhibitor in the solution from 0 to 700 ppm. It could
be explained by an increase in the surface hydrophobicity of the
samples after immersion in the solution containing LMT. The
adsorption of methionine on the active site of the stainless steel
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was responsible for an increase in the value of the contact angle
and reduction in the corrosion damage (Ref 61).

According to the mentioned results, LMT is a mixed-type
inhibitor with an anodic tendency, which inhibits the corrosion
of stainless steel in 1 M H,SO,4 by both electrostatic (ph-
ysisorption) and charge sharing (chemisorption) interactions
according to Fig. 13. The adsorption of the protonated
methionine on the cathodic sites on the surface of steel retards
the hydrogen evolution reaction. The adsorption on the anodic
sites of the surface can occur through the sulfur atom in the
aliphatic chain, retarding the dissolution process of the steel.
The methionine derivatives can influence both the cathodic
(based on the polarization results) and anodic (based on the EIS
and XPS results) reactions (Ref 5). The sulfur atoms can
interact chemically with the surface of steel (according to XPS)
(Ref 47), while the protonated functional groups in the
methionine can provide physical bonds due to their attraction
toward the surface. The amino, carbonyl, and hydroxyl groups
can support the interaction between the methionine molecule
and the surface of the steel (Ref 35). Finally, it can be
acknowledged that the methionine molecule has the ability to
adsorb on the surface of the steel via chemical and physical
bonds (Fig. 13). Therefore, the addition of LMT can have a
positive effect on the corrosion resistance of stainless steel in
the H,SO,4 media.

4, Conclusion

In this work, methionine was suggested as an effective
substance for inhibiting the corrosion of 309S stainless steel in
1 M H,SO, solution. The results showed that the corrosion
resistance of the stainless steel increased noticeably from 54 to
1750 Q cm? by increasing the concentration of LMT from 0 to
700 ppm. The maximum efficiency was 97%, as reported in the
EIS tests. According to the thermodynamic calculations, the
LMT was adsorbed on the surface of the specimens through
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Fig. 11 (a) XPS survey spectrum of the stainless steel surface immersed in the 700 ppm of LMT and (b) Fe (2p;3,) with the higher
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Fig. 12 Contact angle measurement of the stainless steel after
immersion in the 1M H,SO,; solution containing different
concentrations of LMT

Fig. 13 Schematic of the interactions between the LMT and the
surface of stainless steel in the H,SO, solution

both physical and chemical adsorption processes, which was
emphasized by the XPS, polarization, and EIS studies. It can be
concluded that the chemical bond between the sulfur and iron
led to the chemisorption process, while the interaction of the

3992—Volume 29(6) June 2020

functional groups of LMT and the surface resulted in the
physisorption process.
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