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Cysteine as an Eco-Friendly Anticorrosion Inhibitor for Mild Steel in
Various Acidic Solutions: Electrochemical, Adsorption, Surface
Analysis, and Quantum Chemical Calculations
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ABSTRACT: The corrosion of iron in acidic environments has a negative impact on global industry. S S

Herewith, the inhibitory effect of cysteine (Cys.) on mild steel (MSL) corrosion in different acidic

solutions (1 M HCl, 1 M H,SO,, and 1 M H;PO,) was investigated through weight loss, -
\\

potentiodynamic polarization (PDP), electrochemical impedance spectroscopy, scanning electron
microscopy (SEM), and theoretical calculations. The measurement results indicated that the
adsorption of Cys. molecules on the metal surface caused corrosion inhibition. As a result, a protective
layer or insoluble compound, or both, is obtained, blocking the active sites, preventing corrosion. The
effectiveness (IE %) of the Cys. was enhanced by increasing concentration and lowering temperature.
The maximum IE % of inhibition at 1 X 107> M of Cys. obtained are 97.3, 89.7, and 84.4% in HC],
H;PO,, and H,SO, solutions, respectively. At the same inhibitor concentration, the double-layer
capacity decreased, and the charge-transfer resistance increased from 17.17 to 188.5, 3.564 to 31.91,
and 1.325 to 8.715 Q cm? in HCI, HyPO,, and H,SO, solutions, respectively. Adsorption and PDP
studies confirmed that it obeys the Langmuir adsorption isotherm and acts as a mixed-type inhibitor of
physicochemical nature. The corresponding thermodynamic and kinetic parameters were also calculated and discussed. Moreover,
the inhibitory effect on the surface was inspected by SEM. The findings demonstrated that the order of IE % using Cys as
anticorrosion agent for MSL is HCI > H;PO, > H,SO, solutions.
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1. INTRODUCTION corrosive medium at an appropriate concentration, inhibitors,
which function at the interface of the corrosive media and the
metal surface, slow the pace of metal corrosion. Numerous
organic compounds with long carbon chains or aromatic rings
including hetero atoms like nitrogen, oxygen, sulfur, and
phosphorus have been used as potential corrosion inhibitors
in acid solutions."”™"> The physicochemical characteristics of
the inhibitor, such as the functional groups, steric factors,
aromaticity, electron density at the donor atoms, the z-orbital
nature of donating electrons, the structure of the molecule, the
corrosion environment, and the charge and nature of the metal,
are what primarily determine the inhibitor’s ability to
inhibit."*'” Amino acids are naturally occurring, biodegradable,
relatively inexpensive, and synthesized with a high purity level of
greater than 99%. They also represent a family of nontoxic,
water-soluble chemical compounds.'® The corrosion of different
metals can be controlled by Cysteine (Cys.), which has the
amino group [NH,], the carboxyl group [COOH], and the thiol
group [SH]. These functional groups enable strong adsorption

Iron and its alloys are used as building materials in a range of
industrial uses, including the petroleum, electricity, and
chemical industries, due to its superior mechanical durability,
ease of processing, and low production cost."”” Due to its high
mechanical qualities and thermal conductivity, mild steel (MSL)
is one of the metallic materials used for a variety of purposes,
including the production of drilling equipment, storage tanks,
reactors, and other devices.” Hydrochloric acid is generally used
in the pickling processes of metals and alloys. The corrosion of
steel in such environments and its inhibition constitute a
complex problem of processes.” Sulfuric acid is almost as
frequently used for metal pickling as hydrochloric acid, but it
does not evaporate, hence it is typically employed for pickling at
high temperatures. Phosphoric acid (H;PO,) is widely used in
the production of fertilizers and surface treatment of steel such
as chemical and electrolytic polishing or etching, chemical
coloring, removal of oxide film, phosphating, passivating, and
surface cleaning.” A multitude of processes expose steel to
corrosive conditions, including etching, acid pickling, acid
descaling, acid cleaning, and oil-well acidification.®” One of the
most practical and economical ways to reduce/control corrosion
rates and increase the lifespan of metallic products is to utilize
inhibitors.”~"" A chemical agent used sparingly to minimize the
amount of time that metallic materials are exposed to corrosive
conditions is known as an inhibitor. When present in the
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on the metal surface and protect it. Particularly, the oxygen atom
of the carboxyl group, the nitrogen atom of the amino group, and
the sulfur atom of the thiol group are its three coordination
partners with metals."®~>" It serves as the primary protein in
skin, hair, and nails and is the building block of collagen
supplements. It is also utilized as an ingredient in food, medicine,
and personal care items.”> Cys. has a limited potential for
bioaccumulation in aquatic species and is a safe, easily
biodegradable alternative to the frequently used amine
absorption solvents and inorganic corrosion inhibitors. Based
on rat oral testing, Cys. has a fatal dosage (LDS0) value that is
higher than that of amine solvents (MEA, DEA, and MDEA),
and it is significantly higher than that of inorganic inhibitors
[nickel(II) sulfate hexahydrate, copper carbonate, sodium
metavanadate, and vanadium pentoxide].”>** After 28 days,
almost 98% of Cys. may be broken down in an aerobic
environment. This rate of biodegradation is quicker than MDEA
but comparable to MEA.”>~*° Cys. has a lower bioaccumulation
than MEA, DEA, and MDEA, as indicated by the log partition of
Cys. in octanol/water (pow). Because of their strong propensity
for bioaccumulation, sodium metavanadate, copper carbonate,
vanadium pentoxide, and nickel(I) sulfate hexahydrate are
hazardous to aquatic life.”* Cysteine has the ability to control the
corrosion of various metals. Generally, Cys. is a very interesting
amino acid that contains amino group [—NH, ], carboxyl group
[-COOH], and thiol group [—SH]. It can coordinate with
metals through the nitrogen atom, oxygen atom of the carboxyl
group and sulfur atom of thiol group. Cys. has been used to
prevent the corrosion of a wide variety of metals in various
environments acidic.”*>°

In light of this, the study aims to explore and compare the
mechanism of Cys. in preventing corrosion of MSL in different
acidic media under the same conditions, including hydrochloric
acid, sulfuric acid, and phosphoric acid solutions at temperatures
ranging between 25 and S$ °C, using chemical, electrochemical,
and surfactants. In addition, quantum chemistry and molecular
dynamics calculations have been applied. The results demon-
strate that Cys. (Mol. formula = C;H,NO,S and Mol. weight =
121.16 g mol™") may act as a powerful corrosion inhibitor of
MSL under different corrosion conditions. The chemical
structure of Cys. are shown in Figure 1.

o

H /ﬁ)kOH

NH,

Figure 1. Chemical structure of Cys.

2. EXPERIMENTAL SECTION

2.1. Materials and Solutions. The MSL used in this study
has the following composition (% wt): Fe =99.22, C = 0.21, Si =
0.38,P =0.09, S = 0.05, and Mn = 0.05. Cys. was obtained from
Sherman Chemicals company. Prior to the measurements, the
MSL samples were washed with bidistilled water and acetone
after it progressively polished with emery paper up to 1000
grade. By diluting the concentrated acids with distilled water,
various corrosive media were prepared for 1 M solutions of HC,
H,S0,, and H;PO,. A stock solution of Cys. inhibitor (0.1 M)
was prepared by dissolving the appropriate amount in distilled
water. From that solution, the desired concentrations (1 X 107,

5x107%1x 10735 X 1073, and 1 X 107> M) were obtained by
dilution using double distilled H,O.

2.2. Weight Loss Method. MSL samples with dimensions
of 2 X 2 X 0.1 cm were prepared and weighed accurately. They
were then suspended in solutions of 100 mL of the acid corrosive
media (1 M HC], 1 M H,SO,, and 1 M H;PO,) without and
with different concentrations of the Cys. for different immersion
time (30, 60, 90, 120, 150, and 180 min), after which the samples
were removed and handled in accordance with the procedure
approved in ASTM designation G1—90.%° For these samples,
the following measurements of the average weight loss (WL) at a
specific time were made

AW =W, — W, (1)

The weights of the MSL coupons before and after soaking are
W, and W, respectively. The following formulas can be used to
calculate the metal surface coverage () and inhibitory efficiency
(% 1E)*’
o [ AT/Vinh ]
%IE =6X100=|1 — ——| X 100
Wfree (2)

where WL (mg) without and with Cys. are denoted by W, and
Wi respectively. The following formula can be used to
calculate the corrosion process rate (k)"
AW
k —

AT (3)

where t is the immersion period in minutes and A is the sample
area in cm®.

2.3. Electrochemical Measurements. Computer con-
trolled Gamry instrument Potentiostat/Galvanostat/ZRA (REF
600, model Gamry, Warminster, PA, USA), and software
(Gamry’s EIS300 program and DC10S) was used for performing
all electrochemical measurements. A three-electrode electro-
chemical cell consisting of a working electrode (MSL) with an
active surface area of 1 cm?, a counter (Pt wire), and a reference
electrode (SCE), was prepared according to the standard
process for electrochemical experiments.”” In each run,
collection of electrochemical data points began after reaching
a steady state potential (OCP) of approximately 30 min. At a
scan rate of 0.1 mV's™’, the potentiodynamic polarization (PDP)
curves were initiated from —0.6 to 0 V (vs SCE) over the
corrosion potential (Ec,,.). Thereafter, eq 4 was applied to
estimate the surface coverage (6) and inhibition efficacy (% IE),
and eq 5 for the corrosion rate (C.R) calculation as follows.*’

icorr(inh)
%IE =0 X 100 = |1 — ——| X 100
lcorr(free) (4)
. EwW
% C. R (mm/year) = 3270 X [lcorr - ?] )

where EW is the equivalent weight of MSL (g), D is the density
of MSL (g cm™), and i o (free) a0 icorr(inn) are the corrosion
current densities (A cm™) without and with Cys., respectively.

For electrochemical impedance spectroscopy (EIS) experi-
ments, AC signals with 5 mV peak-to-peak amplitude at
corrosion potential and frequencies between 100 kHz and 0.01
Hz were used. Using the Gamry Echem Analyst program, all
impedance parameters were fitted to the proper equivalent
circuits (ECs). Using the EIS data, % IE can be calculated as
follows

https://doi.org/10.1021/acsomega.3c10522
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Figure 2. Effect of Cys. concentration variation on the MSL corrosion in a 1 M of: (a) HC], (b) H,SO,, and (c) H;PO, at 25 °C.
R (Eee) H=—X 9)
%IE=0X100= |1 — ——=| X 100
R 4(inh) (6) _ (Erumo + Exomo)
2 (10)
The charge-transfer resistances without and with the inhibitor
are R () and R ¢(inn), respectively. n= E — (ELUMO — EHOMO)
2.4. Surface Analysis. A JEOL T-200 (x500) scanning 2 2 (11)
electron microscopy (SEM) was used to examine the MSL
surfaces. The samples were immersed for 24 h in one of three c=—
corrosive acidic solutions (1 M HCl, 1 M H;PO,, and 1 M n (12)
H,SO,) without and with Cys. (1 X 107 M). 2
2.5. Theoretical Studies. 2.5.1. Computed Quantum , (electrophilicty index) = Ll
Chemistry. The compound was looked up using Material 2 (13)
Studio’s DMol3 module (type 7.0). The general gradient 1
approach (GGA) was merged with a core group of beck one €, (nucleophilicity index) = — (14)
0]

substitutable relationship functions (BOP) and double-digit

polarization in the DMol3 item, and solvent influence were

managed using COSMO control. The two techniques were used

to derive the following chemical characteristics: electro-

negativity (y), smoothness (o), chemical potentials (4), and

global hardness (1), as definite in the next equations.”"**
I, (ionization potential) = —Eyomo

(7)

A, (electron affinity) = —E; 0 (8)

The proportion of transported electrons (AN) was calculated
using the following equation, the global hardness, and
electronegativity parameters

AN = (IFe _th)

- 2(’7Fe +)(inh) (15)

The signs y;, and yg, respectively, symbolize the final
electronegativity values for Cys. and MSL. Based on the studies
from several publications, the electronegativity of Fe is 4.28 V/

13393 https://doi.org/10.1021/acsomega.3¢10522
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mol, and its stiffness is 0 V/mol."*~* The local reactivity of a
molecule was finished using Fukui function accounting as well.
For electrophilic and nucleophilic assaults by inhibitor
molecules, Fukui+ and Fukui, respectively, are the favored
targets.

2.5.2. Molecular Dynamics Modeling. This work utilized the
adsorption locator module from Material Studio 7.0 for
molecular dynamic modeling.*® The adsorption finder can
locate Cys. molecules by imitating chemical particles adhering to
a MSL surface. As the investigated Cys. compound has been
shown to lessen the corrosion of MSL under acidic circum-
stances, it is important to investigate the adsorption of neutral
and protonated inhibitor molecules in the presence of water
molecules, which compete for active sites on the surface of iron
(110). This was accomplished by adding 250 water molecules,
10 hydronium ions, and 10 chloride ions as coadsorbates. Using
the imitation box (32.27, 32.27, 50.18 A), the MSL (110) was
extended across areas with periodic boundaries, passing a
random fence for each result to resemble an interface model
piece. The particle energy of the Cys. compound was enhanced
using a typical simulation engine. After a 20° angle, a supercell
formed, increasing the area of MSL (110), which also changed
its spin. There was a thick vacuum coating covering the MSL’s
surface (110).*” The atomic simulation studies (COMPASS)
mimicked the adhesion of Cys. molecules to the surface of MSL
by using the molecular potential of the ideal molecular stage
(110). In order to examine the inhibitory strength of the
investigated inhibitor as well as the structure of adsorption,
Monte Carlo simulations were utilized to examine the likelihood
of the inhibitor molecules adhering to the surface of iron

(110).*®
3. RESULTS AND DISCUSSION

3.1. Weight Loss. WL experiments for MSL were conducted
in the three acidic media at different immersion times (¢) and

0.08

. 0.06

mglcmz. min
o
o
'
il

k

0.02 +

0.00

C,M

Figure 3. Corrosion rate vs conc. of Cys. for corrosion of MSLina 1 M
solution of HC], H,SO,, and H;PO, at different temperatures.

temperatures (25—55 °C) in absence and existence of Cys.
inhibitor (1 X 107 to 1 X 107> M). Figure 2 shows the
correlations between WL and ¢ using different acids without and
with various inhibitor concentrations at 25 °C. The average
values of the corrosion rate and percent IE for Cys. on MSL are
also shown in the ESI (electronic Supporting Information),
Tables (S1—S3). According to Tables (S1—S3), the corrosion
rates decrease, and percent IE rose with increasing Cys.

concentration while the temperature stayed the same for all
corrosive media. This is explained by the fact that the Cys.
molecules enhanced adsorption coverage on the MSL with
increasing its concentrations, inhibits the MSL dissolving
degrees in the acid media. The results show that the examined
Cys. compound is effective MSL corrosion inhibitor in all acids
studied.

3.1.1. Effect of Temperature. The effect of varying
temperatures (25, 35, 45, and 55 °C) in the three-acid media
on k (corrosion rate) and % IE for MSL without and with
different concentrations of Cys. is displayed in Figures 3 and 4,
respectively. The results are summarized in Tables (S1—S3) in
the Supporting Information. The process was also further
investigated and is shown in Figures S1—S12 in the Supporting
Information. The figures show that an increase in % IE results
from a decrease in k value with increasing Cys. concentration.
This is often because the degree of adsorption and the resulting
surface covering increase as the concentration of Cys. does.”
According to Figures 3 and 4 the k of MSL without and with Cys.
in1 MH,SO, > kin 1 MH;PO, > kin 1 M HC], and the order of
this increasing is opposite to the order of increasing percent IE in
different acids solutions, where % IE in HCI > H;PO, > H,SO,.
On the basis of physical adsorption, it is possible to explain why
inhibition efficiency values decline with increasing temperature
(see Tables S1—S3) and gradually growth with increasing Cys.
molar concentration.”” WL measurements at different temper-
atures (25—55 0C) with and without the Cys compound were
used to calculate the activation energy (E¥) and some
thermodynamic activation functions. The results can be used
to understand how inhibition works. By examining the
thermodynamic characteristics for MSL dissolution in different
acids studied without and in the presence of various molarities of
Cys., this work advances our understanding of the adsorption
mechanism. The following thermodynamic functions were
obtained by using the Arrhenius (eq 16) and transition state

(eq 17)*

g *
logk =1ogA — | ———
(2.303RT] (16)
Because it is correlated with the quantity of active centers, the
constant A is sometimes referred to as the pre-exponential agent
in the context of heterogeneous chemical reactions, T is the

Kelvin temperature, and R is the universal gas constant in joules.

(RT) [As*] [—AH*]

k=]— |exp exp

Nh R RT (17)
where h and N are Planck’s constant and Avogadro’s number,
respectively, and AS* and AH* are the apparent entropy of
activation and enthalpy of activation. The Arrhenius and
transition state curves were built using chemical measures for
MSL in different acids studied (1.0 M) solutions containing
various molarities of the Cys. compound in the temperature
from 25 to 55 °C. Figures 5 and 6 display the Arrhenius and
transition-state graphs of the MSL in different acids (1 M)
solutions without and with various molarities from Cys,
respectively. The values of the thermodynamic activation
functions computed from these curves as a function of Cys.
concentration are displayed in Table 1. E¥, which is higher in the
presence of Cys. molecules than it is in the uncontrolled
different acids studied (1.0 M), indicating strong adsorption of
the inhibitor particles on the metal surface.”> Table 1 further

https://doi.org/10.1021/acsomega.3c10522
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Figure 4. Effect of concentration of Cys. on corrosion inhibition performance (% IE) of MSL in a 1 M solution of: (a) HC], (b) H,SO,, and (c) H;PO,
at different temperatures.
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Figure S. log k vs 1/T plots for MSL in a 1 M solution of (a) HC], (b) H,SO,, and (c) H;PO, without and with different concentrations of Cys.

shows that the values of AH* have positive indications, Cys. molecules to the surface of MSL. The presence of Cys.
indicating endothermically induced adsorptive attachment of causes an increase in AH*, which denotes an increase in the
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Figure 6. log k/T vs 1000/ T plots for MSL in a 1 M solution of (a) HCI, (b) H,SO,, and (c) H;PO, without and with different concentrations of Cys.

Table 1. Thermodynamic Parameters for MSL in a 1 M Solution of HCI, H,SO, and H;PO, in the Absence and Presence of

Different Concentrations of Cys

medium HCI H,SO, H,PO,
E¥, AH*, AS*, E¥, AH*, AS*, E¥, AH*, AS*,

Conc, M (k] mol™) (kJ mol™") (J mol™ K1) (kJ mol™") (kJ mol™) (J mol™ K1) (kJ mol ™) (kJ mol™) (J mol™ K7')
blank 42.8 40.1 —152.2 36.0 334 —166.4 42.4 39.8 —152.8
1x107* 53.7 S1.0 —123.3 44.5 419 —142.6 45.7 43.1 —145.4
sx107* 572 54.5 —116.2 47.5 449 —136.2 54.5 S1.8 —121.8
1x1073 59.0 56.4 —111.2 522 49.6 —122.4 59.2 56.5 —108.3
5%x1073 61.0 58.4 —106.4 54.1 SL.S —118.1 59.6 57.0 —108.9
1x1072 61.9 59.2 —104.5 55.8 532 —114.5 59.7 57.1 —110.1

energy barrier for the corrosion reaction. About 2.6 k] mol™" is
the resultant mean difference between E;* and AH*, which is
close to the RT value (2.63 kJ mol™).”*>* This establishes the
unimolecular nature of the reaction that dissolves MSL in 1 M
solutions of HCI, H,SO,, and H;PO,. The values of AS* shown
in Table 1 demonstrate that an association rather than a
dissociation is signaled by the activated complex during the rate-
determining stage, indicating that the disorder occurs along the
pathway from reactant to activated complex.” Interestingly,
Table 1 shows that the activation energy and other parameters in
the presence of Cys. in HCl are greater than those in H,SO, and
H;PO,. This may be due to the fact that the inhibitor molecules
are strongly and abundantly absorbed on the surface of the
electrode in the presence of hydrochloric acid compared to other

13396

acids. This, in turn, may be because chloride ions are easier to
absorb to the surface than sulfate and phosphate ions.*®

3.1.2. Adsorption Study. Cys contains heteroatoms (O, S,
and N) which facilitate its adsorption on the MSL surface to
form corrosion protective layers.”” This can be achieved through
one or more of the following adsorption possibilities: electro-
static forces between protonated Cys. molecules and the charged
MSL surface (physical adsorption), creation of coordination
bonds between the unoccupied d-orbital of the substrate and the
lone electron pair of heteroatoms (chemisorption), or a
combination of both.”> For this purpose, several adsorption
isotherms (Flory—Huggins, Langmuir, Frumkin, Temkin,
Freundlich type, and Kinetic model) were studied (see Figures
S13—S30). The results indicated that the adsorption of Cys on
the MSL surface follows the Langmuir isotherm as shown by the
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Table 2. Adsorption Parameters of Langmuir Isotherm for
Corrosion of MSL in Molar Solutions of Different Acids in
the Existence of Cys. (1 X 107%) at Different Temperatures
(Obtained from WL Experiments)

~AGy  =AHg AS,
log Ky M (W mol™) (KJmol™) (Jmol™ K™)

temp °C R?
HCI
25 0.999 3.95 32.49 25.37 23.89
35 0.999 3.90 33.29 25.71
45 0.999 3.72 33.27 24.84
SS 0.998 3.56 33.31 24.20
H,SO,
25 0.998 3.67 30.90 21.22 32.48
35 0.999 3.56 31.28 32.66
45 0.995 3.42 31.44 32.14
SS 0.996 3.34 31.93 32.65
H,PO,
25 0.999 3.82 31.75 17.99 46.17
35 0.999 3.72 3222 46.20
45 0.998 3.60 32.54 4S5.75
SS 0.999 3.54 33.19 46.34

regression correlation coefficient (R?) values listed in Table 2,
derived from the following equation®”*’

4.0

B 1M HCI, R*=0.920
394 @ 1MH,S0,,R?=0.987
A 1MH,PO,, R?=0.983

3.3 T T T T T T T
3.00 3.05 3.10 3.15 3.20 3.25 3.30 3.35 3.40

1000/T, K

Figure 8.1og K4, vs 1/T for corrosion of MSL in a 1 M solution of HCI,
H,SO, and H,PO, in the presence of Cys(1 X 1072).

where (0) is calculated using the WL method, K is the
adsorption—desorption equilibrium constant for the metal
substrate processes, and C,, is the molarity of the studied
Cys. inhibitor. On the chart of C compared to C/6, a straight line
with a slope and correlation coefficient close to one can be seen

G 1 . .
Zimh 2 +C,y, (Figure 7). To get the common free energy of adsorption
0 Kags (18) (AG,q,) from (K,g,), the following formula was used®’
0.014; 00161 u 250 Hso
0.012 0.0144 o 35 :c o
A 45°C
0.012 4
0.010+ v 55°C
0.010 4
° 0.008 - @ 0008
© 0.006 - ©
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0.004 1 0.004 1
0-002 b 0.002 o
0.000 - 0.000 4
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(b)
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Figure 7. Plots of C/0 vs C of Cys. for corrosion of MSL in a 1 M solution of (a) HCI, (b) H,SO, and (c) H;PO, at different temperatures (data

obtained from WL experiments).
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Figure 9. PDP curves for corrosion of MSL in a 1 M solution of: (a) HC, (b) H,SO, and (c) HyPO, at different temperatures without and with

different concentrations of Cys.

Table 3. Effect of Concentration of Cys. on the Electrochemical Parameters Calculated by Using PDP for the Corrosion of MSL in

a 1 M Solution of HCI, H,SO, and H;PO,

Conc. M —E_y mV icom (MA cm™2) —B, (mV dec™!) By (mV dec™) R, (Q cm) C.R mm/yr 0 % IE
HCI
blank 4575+ S 8617 + 23 2589+ S 1855 +£2 5.446 + 0.6 100.0 + 3
1x 107 4652 + 6 5513 + 18 245.7 + 4 163.1 +3 7.720 + 0.5 64.00 + 2 0.360 36.0
s5x 1074 4714 + 4 2732 + 17 2112+ 3 170.8 + 2 12.84 + 0.4 31.72 +£ 0.9 0.683 68.3
1x1073 468.1 + 3 614.0 + 15 2505+ 5 196.1 + 3 4149 £ 0.5 7.127 £ 0.5 0.929 92.9
5% 1073 468.0 + 4 239.1+9 2399 +3 1849 + 4 95.93 + 0.7 2.776 + 0.2 0.972 97.2
1x 1072 468.3 +2 2289+ 7 2321 +2 1822 + 5 96.16 + 30.8 2.657 +£0.2 0.973 97.3
H,S0,
blank 461.6 + 4 19400 + 26 300.5 + 4 2214+ 3 2.854 + 0.1 22522 + 5
1x107* 4717 £ 3 12620 + 21 2775+ 3 2350 +2 3.820 + 0.2 146.51 + 3 0.349 349
s5x107* 469.0 + 5 8995 + 24 283.6 +3 237.1+3 5264 + 0.3 10441 + 4 0.536 53.6
1x1073 462.9 +2 5539 +22 2789 + 4 2429 + 4 7.012 + 0.4 6429 +2 0.714 71.4
5% 1073 459.7 + 6 4033 + 21 258.6 +2 2337+ 3 9.082 + 0.2 26.82 + 0.5 0.792 79.2
1x 1072 4588 +3 3031 + 19 2623+ S 2248 + 5 10.90 + 0.3 16.35 + 0.6 0.844 84.4
H,PO,
blank 4753+ 6 9984 + 27 412.0 + 4 3587+ 5 9.175 +£ 0.2 115.89 +2
1x107* 486.8 + 7 7258 + 25 3900+ 5 3042 + 4 11.05 + 0.3 8425 +1 0.273 27.3
s5x107* 4915 + 8 3715 £ 15 3713 +3 3769 + 6 19.38 + 0.5 43.09 + 0.7 0.628 62.8
1x1073 4859 £ 5 1955 + 16 373.6 =5 370.6 + 3 23.34 + 0.6 22.70 + 0.5 0.804 80.4
5% 1073 4853 +7 1684 + 13 3978+ 6 366.1 + 5 27.50 + 0.7 19.55 + 0.8 0.831 83.1
1x1072 4823+ 6 1028 + 11 3947 + 4 346.7 + 4 38.76 + 0.4 1193 + 0.9 0.897 89.7
1 —AGfds At the solution/metal interface, the water concentration is 55.5
K = gexp RT (19) (mol/L), and R stands for the gaseous universal constant (8.314
J/mol). The adsorption strength of Cys. molecules on MSL
13398 https://doi.org/10.1021/acsomega.3¢10522
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Figure 10. Comparison of C.R of MSL in three different acids in the

presence of varying concentrations of cysteine. The data points
obtained from PDP.
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Figure 11. Plots of % IE vs concentration of Cys. for corrosion of MSL
ina 1 M solution of HCI, H,SO,, and H;PO,. The data points obtained
from PDP.
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Figure 12. Plots of R}, against different concentrations of Cys. for MSL
ina 1 M solution of HCI, H,SO,, and H;PO,. The data points obtained
from PDP.

represents by K 4. A greater K 4, value, for instance, shows that
the Cys. molecules are more tightly bonded to the MSL’s

surface. The Vant Hoff equation was used to calculate the

enthalpy of adsorption (AHS;,) as follows®

—AH?
ads + constant

logK , = — 2%
&% aas 2.303RT (20)

For MSL in 1 M HC], 1 M H,SO,, and 1 M H;PO,, Figure 8
shows the log K4, against 1/T plotted. The formula used for
calculating the entropy of adsorption (ASg;) was as follow

o A aods B AGaocls
ASatls - T (21)

For MSL in various acid solutions at various temperatures, the
values of K 4, AGyy, AHY, and ASY were listed in Table 2
according to Langmuir adsorption isotherms. The inverse of
AG3y, with a negative sign, indicates the spontaneity of the
adsorption process.”” Physical adsorption is created when
charged (protonated) Cys. molecules contact electrostatically
with a negatively charged MSL surface. In terms of preventing
corrosion, chemisorption and physisorption are the two
adsorption types that are commonly taken into consideration.
Among —20 and —40 k] mol ™', when the reading heads are set to
—40 kJ mol™!, chemical adsorption typically wins out over
physical adsorption; however, at —40 kJ mol ™, only chemical
adsorption happens. Readings up to —20 kJ mol™" from AGYy,
are regular with physical adsorption. The higher A G values in
Table 2 show that the mechanism of adsorption of Cys. on the
surface of MSL in 1 M solutions of HCl, H,SO,, and H;PO,,
includes both electrostatic adsorption and chemical adsorption
but the generated compound largely exhibits chemical
adsorption, which is brought on by the transfer of electrons
from high electron centers to iron’s open 3d orbital, forming a
covalent bond.*® The exothermal adsorption of Cys. on MSL in
1 M solutions of HCI, H,SO,, and H;PO, is indicated by the
negative sign of AHZy.. According to the calculated ASZy, values,
the entropy decreases during the adsorption process.

3.2. Potentiodynamic Polarization. Figure 9a—c demon-
strates the PDP curves for MSL corrosion in various acidic
corrosive environments without and with Cys. The intersection
of the anodic and cathodic Tafel lines of the polarization curves
was used to determine the corrosion potential (E.), icom
anodic and cathodic Tafel slopes (fa and fic), and polarization
resistance (Rp). Table 3 contains a list of all the obtained
potentiodynamic parameters. It is evident from the PDP curves
that in all of the corrosive media examined, the anodic and
cathodic curves with Cys. were pushed toward the direction of
decreased current density when compared to the blank. This
result suggested that Cys. might inhibit the cathodic and anodic
reactions.”* The ffa and fic slopes did not alter considerably with
a rise in Cys. concentration, indicating that the inhibitory
mechanism has not changed.®® Also, due to the low volatility in
the acquired E_,, values, E_ . statistics demonstrate that the Cys.
compound under research exhibit mixed-type inhibitor
behavior.”

Figure 10a,b shows a comparison of the corrosion rate of MSL
in 1 M HCl, H,SO,, and H;PO, using data from PDP
measurements without and with different concentrations of Cys.
It is observed that in the absence of Cys. the CR of MSL in
H,SO, is higher than that in H;PO, and HCI (ie.,, H,SO, >
H,PO, > HCI). Figure 11 displays a plot of % IE against Cys.
concentration for MSL corrosion in 1 M solution of HCI,
H,SO,, and H;PO, as determined by PDP. It can be seen that %
IE increases with increasing Cys concentration, in contrast to the
rise in C.R. in different acidic solutions, where % IE in HCl rises
greater than % IE in H;PO, and % IE in H,SO, (i.e., HCI >
H,PO, > H,S0,). Increasing the Cys concentration leads to
improved polarization resistance due to the adsorption of the
inhibitor molecules on the MSL surface, as shown in Figure 12.57
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Table 4. Electrochemical Kinetic Parameters Extracted From EIS Technique for the Corrosion of MSL in a 1 M Solution of HCI,
H,S0,, and H;PO, at Different Concentrations of Cys

medium Conc, M R, (Q cm?) R, (Q cm?) Yo, uS"/Q cm? n Cyq, (UF cm™2) 0 % IE
HCl blank 17.17 + 0.43 0.4738 + 0.0032 418.6 +7.3 912 + 4.6 260.77
1x107™* 45.17 + 1.02 0.4193 + 0.0043 241.7 + 4.7 914 + 4.2 158.01 0.620 62.0
5%x107* 89.51 + 2.10 0.5381 + 0.0043 2262 + 4.3 897 + 3.9 144.27 0.808 80.8
1x1073 109.7 + 2.17 0.4794 + 0.0039 227.6 +3.8 901 + 4.1 151.94 0.843 84.3
5% 1073 1644 + 2.10 0.4889 + 0.0040 3375 +£85.8 881 + 3.7 228.12 0.896 89.6
1x1072 188.5 +2.30 0.4929 + 0.0039 250.1 + 4.9 892 + 4.5 166.52 0.908 90.8
H,SO, blank 1.325 + 0.036 0.553S + 0.0021 805.0 + 8.5 929 + 3.6 477.18
1x107* 1.716 + 0.037 0.5183 + 0.0011 485.0 + 6.4 926 +2.9 275.41 0.228 22.8
5%x107* 3.416 + 0.029 0.5670 + 0.0031 436.4 + 5.7 911 + 34 231.07 0.612 61.2
1x1073 4.779 + 0.033 0.6081 + 0.0029 3972 + 42 90S + 2.8 211.14 0.723 72.3
5% 1073 7.630 £ 0.031 0.5923 + 0.0025 380.3 +£ 3.6 907 £+ 3.1 209.50 0.826 82.6
1x 1072 8.715 + 0.023 0.5904 + 0.0024 3612 + 3.7 894 + 2.7 177.41 0.847 84.7
H,PO, blank 3.564 + 0.017 0.3857 + 0.0014 4523 + 5.6 875+ 2.5 180.95
1x107* 6.865 + 0.070 0.3521 £ 0.0017 359.8 +£5.2 865 + 4.2 141.31 0.481 48.1
5%x107* 10.37 + 0.040 0.3149 + 0.0023 397.5 + 4.4 845 + 3.9 145.61 0.656 65.6
1x1073 14.78 + 0.030 0.3884 + 0.0034 338.6 +3.9 856 + 4.1 139.29 0.759 75.9
5% 1073 29.0S + 0.020 0.4256 + 0.0028 306.5 + 3.1 877 + 3.8 158.17 0.877 87.7
1x 10 3191 + 0.050 0.3671 % 0.0029 3101 + 2.8 863 + 3.6 140.68 0.887 88.7
9
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Figure 13. Nyquist plots for corrosion of MSL in a 1 M solution of: (a) HC], (b) H,SO,, and (c) Hy;PO, without and with different concentrations of

Cys.

3.3. Electrochemical Impedance Spectroscopy. In the
corrosion papers,”*”"" the EIS approach is a thorough
inspection. There are two lines and two ions in the complex
environment that surrounds the MSL/electrolyte contact, one of
which is positively charged and the other is negatively charged.
Hence, a variety of impedances are produced in the oxide layer
that covers the alloy electrode’s surface as a result of the ions that
diffuse into the MSL surface and the charges that move in and

13400

out of it. Moreover, the electrical double layer (Cg), resistance of
charge transfer (R), and resistance of solution (R,) are all
present in the oxide coating. A summary of the EIS
measurements made on MSL electrodes submerged in different
acid solutions containing various concentrations of Cys.
corrosion inhibitor at 25 °C is shown in Table 4. The Nyquist
and Bode graphs of MSL in different acid solutions containing
various concentrations of Cys. are shown in Figures 13a—c and
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Figure 16. Plots of % IE against concentration of Cys. for corrosion of

MSL in a 1 M solution of HCI, H,SO,, and H;PO, as obtained from
EIS.

14a—c, respectively. In order to examine the impedance data, an
EC similar to the one in Figure 15 was used. In order to account
for several forms of nonhomogeneities typical of corroding
electrodes, such as surface roughness, inadequate polishing,
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grain boundaries, and surface contaminants, R; is the solution
resistance and constant phase elements (CPE) are used in place
of capacitors.””””> In the Nyquist diagram, increased Cys.
concentration throughout the corrosion process causes the
semicircle’s diameter to increase as a result of higher charge-
transfer resistance.” In order to increase corrosion resistance
and decrease corrosion rate, the selected corrosion inhibitor are
adsorbed at the electrolyte/metal contact. When different
amounts of the Cys. substance are added, the local dielectric
constant decreases and/or the electrical double layer rises, which
results in a reduction in the double layer’s capacitance in
comparison to the control solution. Cys. adsorption molecules
are found in the MSL interface or solution as a result.””~"’
Nyquist plots were not close as predicted and revealed a
departure from EIS theory. Due to frequency dispersion and the
variability of the MSL surface, semicircle mismatch is observed
instead of the perfect condition.”® Figure 14a—c shows the
impedance measurements made for the MSL electrode using
Bode diagrams of impedance size (1ZI) and full-frequency angle
of phase at various inhibitor doses. For large quantities of Cys.,
phase angles and impedance at low frequencies increase,
indicating better protective function.®’ Its parallel adsorption
on the MSL/solution interface is likely what causes the Cys.
compound’s inhibiting effects. An active center with one or more
adsorbers is what causes parallel adsorption. The process of
chemical adsorption involves the metal and the adsorbed
molecules of the Cys. compound forming a chemical
connection. Charge transfer from the inhibitor molecule to the
MSL surface creates a coordinated sort of connection during
chemical adsorption.*~** Given that the impedance of MSL
depends on the frequency, we used the parameters (n and Y;) in
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Figure 17. SEM micrographs of MSL surface after exposure to a 1 M
solution of HCIl, H,SO,, and H;PO, for 24 h in the absence and
presence of 1 X 107> M of Cys.

our test to provide a mathematical expression for the
frequency.®

Zcpg =Yo_1(]w)n_1 (22)

For the letters j> = —1 is the imaginary number, @ = 2zf is the
sinewave’s angular frequency, where f is the frequency of AC,
and Y, is CPE coefficient. Because of several factors, including
electrode roughness, the dielectric constant, and surface
heterogeneity, the range of n values in actual experimental
settings is 0 to 1. When compared to the inhibition system, the n
value of various acid solutions is high in our investigation. As the
Cys. concentration rises, the rate decreases, showing that the
inhibitor adsorption is not uniform but that the MSL’s surface is
relatively homogeneous.*’

Figure 16 shows plotting % IE against concentration of Cys.
for corrosion of MSL in 1 M HC], 1 M H,SO,, and 1 M H;PO,,
as obtained from EIS. As shown from this Figure, % IE increases
with increasing Cys. concentration in all the used corrosive
mediums, but % IE in HCI > % IE in H;PO, > % IE in H,SO,.
The order of % IE in the acidic solutions using EIS technique is
in agreement with that obtained using WL and PDP techniques.

3.4. Scanning Electron Microscopy. The SEM images of
the MSL surface following exposure to 1 M HCl, 1 M H,SO,,
and 1 M H;PO, solutions for 24 h in the absence and presence of
the optimum concentration (1 X 107> M) of the examined
inhibitor (Cys.) are shown in Figure 17. These micrographs

clearly show that the MSL surface exposed to the acidic solutions
devoid of Cys. is rough and porous, and thick coatings of
corrosion products were found as a result of the steel dissolving
in the abrasive solutions. The biggest amount of MSL was
dissolved by the H,SO, solution, then the H;PO, solution, and
the least amount was by the HCl solution. Also, a smooth MSL
surface showed considerable corrosion resistance when utilizing
the studied Cys. inhibitor in the acidic conditions. In contrast to
Cys. in H;PO, and H,SO,, the steel surface was smoother when
Cys. was present in HCL The results show that Cys. in HCI
effectively controls the harmful attack of HCI solution, and they
also demonstrate the production of a protective film on the
surface of MSL, which increases the effectiveness of inhibition.
These outcomes match the electrochemical outcomes quite
closely.

3.5. Theoretical Studies. 3.5.1. Computed Quantum
Chemistry. Following the Dmol3 computations for Cys.
molecules, snapshots for the optimized structures, HOMO,
and LUMO were captured and assembled in Figure 18. Frontier
molecular orbitals theory, which were used to describe how
reactively the two molecules were (FMO). The ability of
molecules to transfer electrons into open molecular orbitals of
the proper acceptor is measured by Eyopo. The likelihood of a
molecule to accept electrons from another is instead estimated
by E umo. The greater the molecule’s capacity to accept
electrons, the lower is its Ejyyo value.”” Therefore, the more
electrons that a molecule can donate to the empty d-orbital of
metallic iron at the surface, the higher its Eygpo value, and as a
result, the more inhibitory power it will be able to exert. Table 5’s
findings demonstrate that the Cys. molecule has a high energy
Enomo- Thus, it will have the strongest corrosion prevention
effect.”>*” The size of the energy gap (AE), which controls
whether or not Cys. molecules are reactive during adsorption on
the MSL surface, is another crucial factor. The reaction that
occurs during adsorption and the magnitude of AE are inversely
correlated. Low energy gap compounds are effective corrosion
inhibitors because it only requires a small amount of ionization
energy to dislodge an electron from its outer shell orbit.” Table
S shows that the Cys. has a smaller energy gap (AE) in the
Neutral form compared to the protonated form, which would
mean that the Cys. reacts to the surface of MSL more potently in
the Neutral form.”" Softer molecules are produced by smaller
energy gaps than by bigger ones. Soft molecules respond more
quickly than harder molecules because they have a faster
electron transport time to their acceptor. The composition,
constancy, and reactivity of molecules can be ascertained using
the absolute hardness () and softness (o) values. The
molecules of the Cys. change into Lewis bases, whereas the
MSL transforms into a Lewis acid in the corrosion structure. For
avoiding acid corrosion in bulk metals that take mild acids into
consideration, soft-base inhibitors are the most effective. The
construction is moved and rationalized using the dipole
moment, which is the third critical parameter.””” The chance
that stronger interactions between the Cys. molecules and the
MSL surface were made, leading in a greater % IE and better
adsorption, is taken into account when comparing data. The
physical adsorption of the Cys. onto the MSL surface is
accelerated by the electrostatic attraction between an organic
dipole and an excited MSL surface. Consequently, the higher
dipole moment of the adsorption molecules is preferable. By
measuring the dipole moments, it was found that the form of the
dipole torque significantly different in protons, indicating that
the Cys. is physically adsorbed on the MSL surface as a proton
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Figure 18. Molecular structure optimization and geometry of the HOMO and LUMO orbitals for Cys. in neutral, protonated, and gas phase using the

Dmol3/GGA/BOP methodology.

Table S. Quantum Data for Cys. in Neutral, Protonated, and
Gas Phase

parameters neutral protonated gas
—Enomo (eV) —5.671 —10.080 —5.980
—E umo (eV) —-1.314 —4.071 —1.652
AE (eV) 4.35 6.01 4.33
7 (eV) 2.18 3.00 2.17
o (ev)™ 0.458 0.33 0.460
u(eV) —3.49 =7.07 —3.82
x(eV) 3.49 7.07 3.82
dipole moment (debyes) 2.5002 2.0075 1.9662
molecular area (A%) 146.587646 150.329568
o (electrophilicty index) 2.79 8.33 3.36
" (electro-accepting power) 1.33 5.169 1.727
@~ (electro-donating) 4.818 14.68 5.54
&(nucleophilicity index) 0.358 0.120 0.297
AE back-donation —0.545 —0.75 —0.543
AN, (e) 0.300 —0.378 —0.226

can be.”* Despite this, there is not any proof in the literature that
it influences inhibitory efficacy.” If AN is smaller than 3.6, it is
believed that the metal surface’s electronic inhibitor will boost
the effectiveness of the inhibition.”® The ability of an electron to
bind Cys. is known as electronegativity (). When a MSL surface
is more eager to absorb an electron, the value of y,,, rises (a
protonated form is more valuable). Inhibition is strengthened as
a result of the stronger surface contacts between Cys. particles
with higher electronegativity and the surface of MSL. Table 5
demonstrates the C_}fs. ’s potent inhibitory action in comparison
to earlier studies.”’ "%’ By expanding the area where those
molecules may interact with the surface of MSL, larger Cys.
molecules have a greater inhibitory impact. A useful indicator of

-0.2+

Neutral

Protonated Gases phase

Figure 19. Protonated and nonprotonated Cys. compound using TNC.

electron donation and charge transfer from MSL to Cys.
molecules are the positive values of hardness (1) and
consequently the negative values of back-donation energy
(AEp st donation = —11/4)."°" This improves the ability of Cys. to
bind to MSL surfaces and preventing corrosion. In terms of the
nucleophilicity index (&), we discovered that Cys. has higher
numerical values in its neutral form in gas and liquid phases than
Cys. in the protonated form. Hence, Cys. has a significant
nucleophilic property in the protonated form. This demon-
strates that the Cys. molecule may support electrons on the
surface of MSL. Recently, the ability of inhibitors to collect or
donate electrical charge was determined using the electron-
accepting power [w* = (I + 3A)*/16(I — A)] and the
electrodonating [~ = (31 + A)*/16(I — A)], respectively.'**
According to our research, = > @' for Cys. in all the
circumstances. This indicates that the donating power is
dominant and exhibits strong binding to the steel surface to
prevent corrosion.
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Figure 20. A graphic depiction of Cys.’s Fukui indices for its more reactive atoms in both their protonated (a) and unprotonated (b) forms.
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Figure 21. Electrostatic potentials of the Cys. molecules that are protonated and unprotonated, as well as the contour of the inhibitor’s electrostatic

field.

3.5.1.1. Mulliken Charges and Fukui Indices. Mulliken
atomic charges and Fukui indices will be used to determine the
location of the donor and acceptor of the molecule’s active
centers. The fact that the Mulliken distribution values are both
negative and positive shows that the donor—acceptor active sites
in the Cys. compound increase these species’ sensitivity to MSL
atoms (Tables S4—S5). The picture in Figure 19 shows similar
trend in standings of total negative charge (TNC), with the
TNC decreasing as the Cys. was protonated.'”> This
demonstrates an increase in the structural interaction of
protonated particles through the electrostatic attraction between
Cys. protonated constituent and the chloride ion that adsorbed
on the surface of the MSL. Organic molecules containing
heteroatoms can protonate in these environments, producing
positively charged particles, when there is an acidic environment
present (HCl). The Cys. molecules interact with the chloride
anions, which are widely scattered on the tissue’s surface. Here,
this idea will be used to study how protonation affects the local
centers of Cys. that restrict growth. The atoms of the Cys.
compound under study are shown in Figure 20 with increased
data of f;" and f~ in both protonated and unprotonated systems
as additional markers (Fukui’s index). The Cys. molecule in this
image has specific atoms for both electrophilic and nucleophilic
assault systems, according to the examination of the entire
Figure. The atom in the Cys. compound that has the maximum
Fukui function (fi), is connected to the LUMO, improves
reactivity to donor reagent, and is frequently attacked by
nucleophiles is also the one that has the highest Fukui function.
The target molecule’s atom with the uppermost value of the
HOMO-related Fukui function (f,), which also provides
reactivity in the direction of an acceptor substance, is chosen for
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electrophilic attack. As a result of protons H+ blocking the cores
of the atoms, the values of atoms with a negative charge (f7)
decreased in the protonated state while those with positive
charges (f*) increased since these atoms could now accept
electrons (Figure 20). The Cys. compound also contains
separate atoms with varying f* and f~ values, which implies it can
supply and receive electrons in two different circumstances
(protonated and neutral organizations).

3.5.1.2. Molecular Electrostatic Potential. The molecular
electrostatic potential (MESP) has been used for a long time to
pinpoint the location of a chemical reaction. On the surfaces of
the electron density, the electrostatic potential has a variety of
colors (Figure 21). The red zone, which represents the
electrically active and electrophilic zone, is located in a region
with a predominantly negative electrostatic potential. Green
indicates locations with low probability, whereas blue areas (the
nucleophilic zone) have the highest positive electrostatic
potential.'** High electron density regions are where the
majority of heteroatoms and double conjugate bonds can be
located. Oxygen, sulfur, and nitrogen groups are indicators of
electrophilic attack-favorable negative zones.

3.5.2. Monte Carlo Investigation. The ideal structures
(adsorbent) in the corrosion-simulating fluid are 250H,0O
molecules plus 10H;0" and 10 CI” for hydrochloric acid,
250H,0 molecules plus 20H;0* and 10SO,,~* for sulfuric acid,
and 250H, 0 molecules plus 30H;0* and PO, for phosphoric
acid were chosen for the adsorption of Cys. (adsorbate) on the
Fe(110) crystal. The views of the iron (110) substrate were
taken from the top and sideways, respectively. The adsorption
processes of neutral and protonated Cys. molecules are shown in
Figure 22. Table 6 lists the outcomes of the Monte Carlo
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Table 6. Data and Specifications Obtained by Simulating
Monte Carlo for Adsorption of Cys. on Iron (110) Substrate
(Neutral, Protonated, and Vacuum)

factors neutral protonated
HCI

total energy (kcal/mol) —13148.10 —13223.60

adsorption energy (kcal/mol) —6959.95 —6917.613

rigid adsorption energy (kcal/mol) -7.14 —7371.680

deformation energy (kcal/mol) 184.63 454.07

dE,4,dNi (kcal/mol) —127.68 —156.24
H,S0,

total energy (kcal/mol) —4921.097 —4931.69

adsorption energy (kcal/mol) —4954.22 —4941.09

deformation energy (kcal/mol) —5131.816 —5120.76

rigid adsorption energy (kcal/mol) 177.59 179.67

dE,/dNi (keal/mol) -85.37 ~128.12
H,PO,

total energy (kcal/mol) —7188.02 —7273.50

adsorption energy (kcal/mol) —7221.17 —7282.91

rigid adsorption energy (kcal/mol) —7471.02 —7535.37

deformation energy (kcal/mol) 249.85 252.46

dE,4/dNi (kcal/mol) —88.58 —191.14
Vacuum

total energy (kcal/mol) —34.12

adsorption energy (kcal/mol) —67.24

rigid adsorption energy (kcal/mol) —64.89

deformation energy (kcal/mol) —2.34

dE,4/dNi (kcal/mol) —67.24

simulation for the deformation, solid adsorption, and overall
energies. By combining molecular energies from solid
adsorption with deformation energies, the total energy (kcal
mol™") computation for the substrate and Cys. is performed.
When one of the adsorbate particles separates from the
adsorbent substrate, the energy gained is measured in dE, 4/
dNi (kcal mol™). In Table 6, we can see the Cys. adsorption
energies. As demonstrated by the theoretical and applied
research, it is very likely that the Cys. molecules are adsorbed on
the surface of MSL, resulting in adsorbed layers that protect the
surface against corrosion caused by the various acid solutions
investigated. Table 6 and preceding studies'*>'® demonstrate
the Cys. compound’ successful operation in the solution (high
adsorption energy). The local molecule’s molecular structure is
parallel to the surface, according to a detailed examination.'*”'%*
This adsorption pattern will be adopted by the retarding
particle’s constituent parts to enhance the metal’s surface area or
contact area. The enlarged metal/inhibitor contact zone will
limit substrate access rather than triggering unwelcome chloride,
sulfate, and phosphate anions assault.'””"® It is projected that
the electron transfer from the metallic surface to the Cys.
compound will occur in reverse, reversing the process, when a
charged proton component is present. Cys. molecules strongly
adsorb on the MSL surface to form long-lasting adsorbent layers
that shield the metal surface from several investigated acids that
cause corrosion, as shown by theoretical and actual research
(Table 6). In both a vacuum and an acidic (neutral and proton)
environment, we investigated how molecules adsorb (Figure
22). The adsorption energies rise above the expected value in the
presence of an aqueous solution, showing that Cys. molecules
adsorb to the MSL surface more effectively (Table 6 for further
details).

3.6. Inhibition Mechanism. The chemical composition,
molecular size, and other pertinent factors like the functional
groups, electron density, metal charge, and the nature of the
corrosive medium all play a role in how much inhibition and
interaction the Cys. molecules have with the MSL surface. Due
to the unique structure of Cys. which contains —NH, group, —
COOH, and —SH group, it adsorbs easily on the electrode
surface. ~NH, is the most basic group and therefore at pH < 7 it
will be protonated. Thus, in acidic environments, the MSL
surface is expected to be covered with a layer of anionic species
(e.g, CI, SO,*7, or PO, %). As a result, electrostatic interaction
occurs between the anionic species of acid and the protonated
Cys. molecules at the electrolyte/metal interface. Accordingly,
the anionic-protonated bridge provides the primary adsorption
layer on the metal surface. Two important factors that affect the
process are the strength of the acid and the number of corrosive
species. The strongest acid here is HCI, followed by H,SO,,
while H;PO, is the weakest one. Hydrochloric acid is a stronger
acid than H,SO, because the H" dissociates more easily from the
CI” than from the HSO,™. Thus, the degree of acid dissociation
plays an important role in the protection of steel by Cys. Since
HClionizes more completely and easier in one step compared to
H,SO, and H;PO,, it is expected that the protonation step of the
inhibitor in HCI solution will be faster. As a result, Cys
molecules in HCI solution adsorb quickly on the surface of MSL
and so their inhibition capacity (% IE) in HCI is much higher
than in other acids. Besides with the strength of the acid, in dilute
solutions the number of the corrosive species like H', CI7,
HSO, and SO,*" is directly proportional to the corrosion rate.
Thus, in the absence of Cys. since sulfuric acid is a strong
diprotic acid, it can accelerate the corrosion rate of MSL more
than monoprotic acid (HCl) and H;PO, (being a weak acid).
This means the order of corrosion strength (CR) of MSL in
medium without Cys is H,SO, > H;PO, > HCI, while the order
in the presence of Cys inhibitor (% IE) is the opposite (i.e., HCI
> H;PO,> H,S0,). The molecules of the Cys. can bind to the
surface of MSL in one of two behaviors: first, by moving the
unshared pair electrons from oxygen, nitrogen, or sulfur atoms
to the MSL’s vacant d-orbital, which occurs in the anodic region
and has a low energy. Second, by joining the molecules of the
Cys. to the MSL’s surface by a coordinating chemical
connection. Bridges between the Cys. molecules and MSL are
made using (Fe-anion),4 as a result of electrostatic attraction
(physical adsorption) caused by the protonation of the Cys.
molecules by chloride, phosphate, and sulfur anions. After that,
the Cys. is adsorbed on the cathodic area to contest with
hydrogen ions, producing cathode polarization to rise.'”” Third
possibility is to occurrence of both chemical and physical
interactions. Thus, it is necessary to estimate the zero-charge
potential (ZCP), commonly known as the MSL surface charge
at zero point. By applying the equation (E,, — Eq = 0), the
surface charge can be determined. Considering the data
summarized in Table 1, the ZCP values are positive, and
therefore the steel surface is positively charged.” Therefore,
electrostatic repulsion occurs between the protonated Cys and
the positively charged MSL surface. But as mentioned before, in
acidic solutions, the MSL will be covered by anionic species
causing an electrostatic interaction between the anionic species
of acid and the protonated Cys molecules at the electrolyte/
metal interface (physisorption). In addition, the estimated
AGYy, value is about —40 kJ mol ™" (see Table 2), which indicates
that the majority of adsorption is chemisorption.

https://doi.org/10.1021/acsomega.3c10522
ACS Omega 2024, 9, 13391-13411


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

4. CONCLUSIONS

Here, the nontoxic amino acid Cys. has been used as corrosion
inhibitor for MSL in three different acidic media. Experimental
results and simulation predictions have proven that it is a
powerful inhibitor for corrosion protection of steel in harsh
environments. The results showed that it behaves as a mixed-
type inhibitor and follows the Langmuir adsorption model. By
increasing the Cys. concentration and decreasing the temper-
ature %, the IE increases. Due to the unique structure of Cys.,
adsorption studies have shown that it strongly and sponta-
neously adsorbs to the metal surface, forming a surface-
protecting layer from corrosion. Cys. inhibits cathodic and
anodic reactions, as determined by PDP methods. Increasing
Cys. concentration results in a rise in R and decreasing Cy.
Outcomes of SEM analysis for MSL with Cys.in HCI, H;PO,
and H,SO, indicated that the steel surface was mores smoother
in HCI, demonstrate the production of a protective film on the
surface of MSL, which increases the effectiveness of inhibition.
Electrochemical techniques, WL measurements, surface anal-
ysis, and quantum chemical calculations all were in agreement.
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