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Abstract: Amino acids have emerged as promising green alternatives to replace toxic inhibitors in corrosion protection applications. In
this study, we present a one-step synthetic approach to get 4-(tert-butyl)benzoyl)methionine (P-Meth) and 4-(tert-butyl)benzoyl)cysteine
(P-Cys) through the acylation reactions between methionine or cysteine and p-tert-butylbenzoic acid, respectively, which exhibit a super
protective performance toward metals against corrosion. The corrosion rates of Q235 steel in 1 M HCI were reduced from 4.542 to 0.202
and 0.312 mg-h™"-cm™ in the presence of 100 mg-L™' P-Meth and P-Cys, respectively. The surface structures of Q235 steel remained un-
broken after 12 h in 1 M HCl medium. The charge transfer resistances of corrosion reactions were enhanced by 12 and 9 times in the
presence of P-Meth and P-Cys, respectively. P-Meth and P-Cys were adsorbed onto the Q235 steel via chemical actions, which were ac-
companied by minimal physical action. Molecular dynamic simulations demonstrate the higher binding energy of P-Meth onto Q235 steel
than P-Cys. The study contributes to the corrosion protection of metals with green and environmentally friendly methods.

Keywords: amino acid derivatives; anti-corrosion reagents; green chemistry; Q235 steel; density functional theory

1. Introduction

Corrosion inhibitors have gained prominence as a bur-
geoning and extensively embraced approach for the preven-
tion of metal corrosion owing to their practicality and eco-
nomic viability [1-2]. A heightened focus has been allotted to
the development of environmentally friendly corrosion in-
hibitors, which is driven by the increased emphasis on envir-
onmental protection and the need for cost-effective solutions
[3]. Numerous ecofriendly organic inhibitors, including car-
bohydrates [4], lignin [5], ionic liquids [6], expired drugs [7],
and amino acids [8—10], have been reported. However, their
practical application in the industry poses challenges. The ex-
traction process of carbohydrates and lignin is laborious [11],
and the synthesis of ionic liquids typically involves multi-
step procedures, which results in elevated costs [12]. By con-
trast, their abundant natural availability, low toxicity, and
excellent solubility make amino acids as the ideal inhibitor
materials.

Amino acids exhibit a notable corrosion-inhibiting effect
primarily at high concentrations, which were usually used as
the specific additives [13—17]. Electrochemical and compu-
tational analysis were conducted in 1 M HCI containing
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0.01 M cysteine, L-Histidine, L-Tryptophan, and L-Serine
for the corrosions of mild steel, and the inhibition efficien-
cies (IE) were 85.1%, 93.4%, 96.3%, and 45.1%, respect-
ively [18]. It suggested that abundant active atoms such as N
and S benefited to promote the protective abilities. Amino
acids inherently possess carboxyl and amino groups, with
some featuring heteroatoms (i.e., O, S, and N) or conjugated
structures and can be easily functionalized. Encouragingly,
modifications such as varying the length of the carbon skelet-
on [19], incorporating heterocycles and heteroatoms [20-21],
and attaching polar groups [22] to amino acids enhance their
anticorrosion performance. These insights substantially in-
formed our work, which indicates that the chemical modific-
ation of amino acids represents a viable and efficient ap-
proach to achieve the outstanding IE and develop environ-
mentally friendly corrosion inhibitors.

Methionine and cysteine are distinguished by their —SCH;
or —SH groups, serving as excellent centers for the adsorp-
tions on metal surfaces [23]. However, their satisfactory anti-
corrosion efficiency is only achievable at relatively high con-
centrations [24]. In this study, to increase the corrosion inhib-
ition performance of these natural products, we conducted
acylation reactions to functionalize methionine and cysteine
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with p-tert-butylbenzoic acid, which resulted in the forma-
tion of derivatives referred to as 4-(tert-butyl)benzoyl)me-
thionine (P-Meth) and 4-(tert-butyl)benzoyl)cysteine (P-
Cys), respectively. Subsequently, we assessed the corrosion
inhibition performance of these amino acid derivatives on
Q235 steel in 1 M HCI. The performances of the corrosion
inhibitors were investigated via the weight-loss analysis,
electrochemical impedance spectroscopy (EIS), and potenti-
odynamic polarization analysis. The morphologies of Q235
steels were not changed in 1 M HCI containing P-Meth and
P-Cys according to the scanning electron microscopy (SEM)
characterizations. In addition, adsorption isotherm modeling,
quantum chemistry calculations, density functional theory
(DFT), and molecular dynamics (MD) simulations were em-
ployed to comprehensively explore the corrosion inhibition
performance of these molecules from various perspectives.

2. Experimental
2.1. Chemicals and material preparation

Hydrochloric acid (analytical reagent (AR), 37%wt%),
ethyl acetate (EA, AR, >99.5wt%), dichloromethane (DCM,
AR, >99.5wt%), chloroform-d (AR, 98wt%), and methyl al-
cohol (MeOH, AR, >99.5wt%) were purchased from Adam-
as company. L-methionine (99wt%), L-cysteine (99wt%),
and 4-tert-butylbenzoyl chloride (98wt%) were purchased
from Energy Chemical company. Q235 steel samples (con-
taining 0.13wt% C, 0.032wt% Si, 0.58wt% Mn, 0.035wt% P,
0.035wt% S, 0.15wt% Cr, 0.13wt% N, 0.15wt% Cu, etc.)
were purchased from a water treatment company. 1 M HCI
was applied as the electrolyte to simulate the acidic environ-
ments. The concentrations of synthetic corrosion inhibitors
were 25-100 mg-L" in the electrolytes. The solutions of cor-
rosion inhibitors were prepared by dissolving the powders in
ethanol, which were diluted in 1 M HCI for the further use.

2.2. Instruments

SEM characterizations were performed using SU8010
instruments. Electrochemical impedance spectra (EIS) and
potentiodynamic polarizations were got on the CHI 760E
electrochemical workstation (China). The proton (‘H) and
carbon (C) nuclear magnetic resonance (NMR) spectra
were recorded using Quantum-I 400M spectrometer from
Q.One Instruments. Column chromatography purifications

0
o
o /SMOH
NH,
0
0
cl
© ms /\)kOH
NH,

Int. J. Miner. Metall. Mater., Vol. 32, No. 7, Jul. 2025

were performed by flash chromatography using Merck silica
gel 60.

2.3. Synthesis of amino acid derivatives

In our work, two amino acid derivatives (P-Meth and
P-Cys) were synthesized following condensation reactions
(Fig. 1). First, methionine (0.75 g, 5 mmol) was added to a
50 mL round-bottomed flask containing 2 M NaOH aqueous
solution (0.4 g, 10 mmol) in an ice bath. Then, 4-tert-butyl-
benzoyl chloride (0.98 mL, 5 mmol) was added dropwise to
the solution, and the resulting mixture was continuously
stirred for 24 h at room temperature (r.t.). After the reactions,
the pH was adjusted to 1-2 using diluted HCI. Then, the
aqueous phase was extracted several times using EA, and the
organic phase was collected and dried using anhydrous mag-
nesium sulfate. The solvent was evaporated, and the mixture
was purified via column chromatography (volume ratio of
DCM to MeOH, 9:1) to obtain P-Meth (1.17 g, yield, 76%).
P-Cys (1.02 g, yield, 73%) was synthesized through a similar
method, except that cysteine (0.60 g, 5 mmol) was used to re-
place methionine.

2.4. Structure characterizations of corrosion inhibitors

The structures of P-Meth and P-Cys were analyzed by 'H
NMR and "C NMR. The chemical shifts (&) were reported in
parts per million (ppm) with tetramethylsilane as 0 ppm.
Coupling constants (J) were reported in Hertz (Hz). The re-
sidual solvent peaks for chloroform-d were used as the in-
ternal references, which appeared at 6 7.26 and § 77.0 in 'H
NMR and “C NMR spectra, respectively (Figs. S1-S4).
Solvents were freshly dried and degassed prior to use.

2.5. Weight-loss measurements

Weight-loss analysis was performed to assess the corro-
sion inhibition properties of the compounds [25]. Q235 steel
samples (1.0 cm x 1.0 cm x 0.1 cm) were rinsed with etha-
nol and ultrapure water, dried in air, and weighed. Sub-
sequently, the samples were immersed in 100 mL of 1 M HCI
solution with or without P-Meth or P-Cys at a temperature of
(25 £ 2)°C for 12 h. Following each experiment, the steel
samples were withdrawn, rinsed with ultrapure water, dried,
and reweighed to calculate the lost weights. This procedure
was repeated thrice to obtain the average values of the lost

weights.
NaOH/H O
O°C tor.t.
P-Meth
NaOH/H O j\f
O°C tor.t.
P-Cys

Fig. 1. Synthesis routes of P-Meh and P-Cys.
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2.6. Electrochemical measurements

All electrochemical assessments, including EIS and po-
tentiodynamic polarization curves, were conducted at a con-
trolled temperature of (25 + 2)°C. Q235 steel, which was en-
capsulated in Teflon to form electrodes with a 2 mm cross-
sectional diameter, served as the working electrode. The
three-electrode cell system comprised a Q235 steel electrode,
a saturated calomel electrode, and a platinum electrode,
which were used as the working, reference, and counter elec-
trodes, respectively. Prior to the EIS, the steel electrodes were
polished using SiC papers (800-1000 grit) and thoroughly
rinsed with ethanol and ultrapure water before each use. The
working electrodes were immersed into the electrolytes for
30 min per test to establish a stable open-circuit potential
(OCP). EIS measurements were conducted in 100 kHz—
0.01 Hz with the sinusoidal potential perturbation as 5 mV.
The polarization curves were measured in the range of (OCP
+ 250) mV at a scanning rate of 0.01 mV-s™'. Each experi-
ment was performed thrice to get the average values.

2.7. Quantum chemical calculations

The molecular structures of P-Meth and P-Cys were op-
timized through DFT simulations with B3LYP hybrid func-
tional and 6-31g(d, p) basis set in Gaussian 09 [26]. Sub-
sequently, the pre-optimized geometry was used to calculate
the single-point energy via the B3LYP/6-311g(d, p) method.
Then, the quantum chemical parameters of P-Meth and P-
Cys, including atomic charges, the energy state of highest oc-
cupied molecular orbital (Exomo), and the lowest occupied
molecular orbital (Eyymo), and Fukui functions were gener-
ated to analyze the interaction forces between the corrosion
inhibitors and steel surfaces [27].

2.8. MD modeling

The interaction forces between P-Meth and P-Cys and
steel surfaces were also investigated through MD modeling
using the Materials Studio package [28—31]. To describe the
corrosion process, we constructed a simulation box, which
comprised a single inhibitor molecule, hydrogen and chlor-
ine ions, a fixed Fe (110) surface, and the aqueous medium.
MD simulation was started with geometric optimization and
then run with a Compass II force field under 1.0 fs time step
and 300 ps simulation period at 298 K [32]. In addition,
Monte Carlo (MC) simulations were used to investigate the
adsorption energies of inhibitor molecules and Fe (110)
under vacuum conditions.

3. Results and discussion
3.1. Weight-loss and surface morphology analysis

The inhibition effects of P-Meth and P-Cys on Q235 steel
in 1 M HCI solution were initially investigated through the
weight-loss analysis. From Egs. (1)—(3), we can obtain the

surface coverage ratios for P-Meth and P-Cys.
Woy—Ww

Vs M

IE = Vo—V

x 100% 2
Vo
9 _ Vo—V (3)

Vo

where w, and w are the weights of steels before and after cor-
rosions (mg); S is the surface area of steels (cm?); ¢ is the im-
mersion time (h); v, and v are the corrosion rates without and
with corrosion inhibitors (mg-h™'-cm?); 6 is the surface cov-
erage ratio of corrosion inhibitors.

The corrosion rates and inhibition efficiencies of Q235
steel in 1 M HCI solution and surface coverage ratios in the
presence of different concentrations (c, mg-L™") of corrosion
inhibitors were shown in Table 1. In the absence of P-Meth
or P-Cys, the corrosion rates were measured to be
4.542 mg-h™"-cm™ in 12 h. With P-Meth or P-Cys in HCI
mediums, the corrosion rates were decreased a lot. When the
concentrations of P-Meth or P-Cys were increased to
100 mg-L™", the corrosion rates were down to 0.202 and
0.312 mg-h™'-cm™ in 12 h. The inhibition performance of P-
Meth was better than that of P-Cys. When 25 mg-L™' P-Meth
was added, the inhibition efficiencies were high as 83.03%,
and increased to 94.38% when the concentration of P-Meth
was increased to 75 mg-L™". The corrosion rate, inhibition ef-
ficiencies, and surface coverage ratios were not increased re-
markably when the concentrations of P-Meth was increased
from 75 to 100 mg-L™", indicating that 75 mg-L™' P-Meth in
1 M HCIl were enough to protect Q235 steels from corroding,
and the steel surfaces were fully covered by P-Meth in this
condition (8= 0.9555).

Table 1. Corrosion rates and inhibition efficiencies of Q235
steel in 1 M HCI solution and surface coverage ratios in the
presence of different concentrations of corrosion inhibitors

Inhibitor ¢/ (mg-L™") v/(mg-h"-cm™) 1E/% 6 SD*
Blank — 4.542 — — —
25 0.771 83.03 0.8303 0.034
0.565 87.56 0.8756 0.051
P-Meth
0.255 94.38 0.9438 0.027
100 0.202 95.55 0.9555 0.021
25 2.056 54.73 0.5473 0.038
50 1.225 73.03 0.7303 0.013
P-Cys
75 0.553 87.82 0.8782 0.024
100 0.312 93.13 0.9313 0.017

Note: SD*—Standard deviations.

Conversely, the inhibition performances of P-Cys were
gradually improved with the concentration increased gradu-
ally. At 100 mg-L™", the P-Cys corrosion rates were reached
to minimum values, and the inhibition efficiencies and the sur
face coverage ratios of inhibitors reached to the maximum
values (IE =93.13, 6= 0.9313). Thus, good protective perfor-
mances were achieved by the two kinds of amino acid deri-
vatives, and 100 ppm were enough to keep the steel surfaces
from corroding. The inhibitors containing —SCH; showed
better protective effects than those with —SH, indicating
proper structures were very important to the adsorptions of
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inhibitors onto the steel surfaces. Also, other heteroatoms
such as N and O, m-electrons, and carboxylic acid anions
were also important to the protective effects of inhibitors.
The surface morphology of Q235 steel was analyzed via
SEM characterizations (Fig. 2). The Q235 steel surface was
flat, and horizontal polished scars were clearly visible prior to
corrosion (Fig. 2(a), boxed area). After the corrosions in 1 M
HCI solution for 12 h, the polished surfaces of Q235 steels
were considerably damaged, and severe corrosion traces and

Int. J. Miner. Metall. Mater., Vol. 32, No. 7, Jul. 2025

many irregular grooves were observed (Fig. 2(b), boxed
area). In contrast, in I M HCI medium containing 100 mg-L™"
of either P-Meth or P-Cys, the steel surfaces were kept well,
and there were clear horizontal polished scars observed
(Fig. 2(c) and (d)). Although subtle corrosion occurred along
the horizontal scars, the polished surface was largely pre-
served. The results demonstrate that P-Meth and P-Cys ex-
hibited remarkable corrosion inhibition performances in the
acidic medium.

Fig. 2. SEM images of Q235 steels: (a) before corrosion; after corrosions in (b) 1 M HCI, (c) 1 M HCI with 100 mg-L™' P-Meth, and

(d) 1 M HCI with 100 mg-L™" P-Cys.
3.2. EIS analysis

EIS analysis of Q235 steel electrodes were performed in
HCI solutions with varying concentrations of P-Meth or P-
Cys. All the Nyquist plots of the tested Q235 steel electrodes
exhibited semicircles centered on the real axis, indicating the
currents were controlled by the charge transfers and electric-
al double-layer capacitor (Fig. 3(a) and (b)). Notably, the al-
terations of P-Meth and P-Cys concentrations did not signi-
ficantly alter the shapes of the semicircle, which indicated
that the charge transfer mechanisms predominantly governed
the corrosion processes of Q235 steel in 1 M HCI [33]. Con-
trastingly, with the concentrations of P-Meth and P-Cys in-
creased, the charge transfer resistances (R.) were increased
remarkably, demonstrating the good protecting abilities of P-
Meth and P-Cys to Q235 steel electrodes in the strong acid
solutions. The increased concentration of P-Meth and P-Cys
led to the reduced number of corrosion sites on Q235 steel
surfaces, which inhibited the corrosions via the augmenta-
tion of the surface coverages of adsorbed anti-corrosion mo-
lecules in the membranes [34].

The bode and phase-angle diagrams of P-Meth and P-Cys
are shown in Fig. 3(c) and (d). The phase angles increased
significantly through the additions of various concentrations
of corrosion inhibitors. We attributed this outcome to the ad-
sorption of inhibitors. In such a case, the corrosion reactions
on steel surfaces were slowed down, and the dispersion ef-
fects were enhanced [35-36]. The low-frequency impedance
modulus of |Z] served as an important indicator of corrosion

inhibition efficiencies, with high |Z] values corresponding to
the high corrosion inhibition efficiency. For the Q235 steel
electrode in HCI solutions containing P-Meth and P-Cys, the
low-frequency impedance modulus of |Z] increased with their
concentrations. The phase-angle plots revealed that with the
increase in P-Meth and P-Cys concentrations in the medium
frequency (f) range, the phase angle gradually increased, and
the inhibition behaviors were improved. The findings indic-
ated that at high concentrations of P-Meth and P-Cys, a high
number of inhibitor molecules were adsorbed on Q235 steel
surfaces [37].

The EIS results were excellently fitted to the equivalent
circuit diagrams in Fig. 4. The calculations of double-layer
capacitance (Cy) were shown by Egs. (4) and (5) [38]. The
corrosion inhibition efficiencies can be also obtained via the
EIS methods (Egs. (6) and (7)).

Zepe = Yoil(jw)in 4)

Cdl = YO(a)max)rk1 (5)

R, =Ri+R (6)
R,—R°

=t ™

p

where Y, w, j, and n represent the constant of constant phase
element (CPE), angular frequency constant, imaginary con-
stant, and empirical exponent, respectively (when n = —1, 0,
1, CPE represents the resistance, inductance, and pure capa-
citance, respectively). In addition, w,,, indicates the fre-
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Fig. 4. Equivalent circuits of Q235 steel electrodes in the elec-
trolytes (a) without and (b) with inhibitors. R, R;, and C; rep-
resent the solution resistance, thin-film resistance, and thin-film
capacitance, respectively.

quency with the maximum value of virtual impedance. R,
and Rg refer to the polarization resistance of electrolytes with
and without corrosion inhibitors, respectively.

We obtained the impedance parameters from the fittings
(Table 2). R, exhibited a positive correlation with the corro-
sion inhibitor concentration, which increased a lot as the con-
centrations of inhibitors increased. Correspondingly, Cy in
the presence of P-Meth (2575 mg-L™") and P-Cys (25-100
mg-L™") were lower than those without the inhibitors, indic-
ating the low electronic conductivities of electrolytes in the
presence of inhibitors. Moreover, C; had a negative correla-
tion with the inhibitor concentration. The decrease in C; was
attributed to the denser and thicker adsorption layer that
formed on the metal surface, which was affected by the

200 —o-Blank (b)
180 | @ P-Cys-25 mg-L™!
~9-P-Cys-50 mg-L™!
160 @ P-Cys-75 mg-L™!
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(a, b) Nyquist and (c, d) bode plots of Q235 steel in 1 M HCI containing various concentrations of (a, ¢) P-Meth and (b, d)

thickness of the protective layer or local dielectric constant
[39—40]. Moreover, to highlight the improvement of the de-
rivatives, we individually assessed the inhibition perform-
ance of the three precursors at a concentration of 50 mg-L™".

3.3. Potentiodynamic polarization analysis

Fig. 5 shows the potential polarization curves of Q235
steel immersed in various concentrations of P-Meth and P-
Cys in a 1 M HCl solution at 25°C. When the inhibitor con-
centrations increased, the Tafel curves of the anode and cath-
ode shifted toward a low current density. The minimum cor-
rosion current density was observed at a concentration of 100
mg L™ for P-Meth and 100 mg-L™" for P-Cys (Table 3). This
result may be due to the adsorption and desorption of inhibit-
ors during equilibrium at concentrations below 100 mg-L™".
We surmised that the addition of P-Meth and P-Cys inhibited
the anodic corrosion and cathode hydrogen evolution reac-
tion of Q235 steel. Thus, P-Meth and P-Cys molecules acted
as mixed-type corrosion inhibitors.

Table 3 contains the electrochemical parameters of corro-
sion potential (E,.,), corrosion current density (i), anode
and cathode Tafel slopes (£, 5.), and corrosion inhibition rate
(e, %). nie was calculated using Eq. (8):

corr icorr
e = — (®)

corr

where 2 and i, represent the corrosion current density in
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Table 2. Impedance parameters of P-Meth and P-Cys in 1 M HCI solution with various concentrations
s c/ Rs / Rct / Cdl / Rf/ Cf/ a .
/% SD -
Inhibitor (mel') (Qem?) (Qomd) n (mF-em?)  (Q-cm?) n (mF-cm ) e/ % Chi-square, y
Blank — 1.3890 1232 0.8288 653.5 — — — — 7.9x107
25 0.7563 78.09 04812 1054 30.32 0.9158 58.02 88.63 3.1 17x107
P-Meth 0.733 69.73  0.5613 107.2 59.05 0.8809  55.81 90.43 2.8 4.6x10™"
-Me
0.6377 108.7 0.6403  568.5 69.79 0.8786 494 93.09 2.1 33x10*
100 0.6261 161.4 0.5133  747.9 84.2 0.8806  33.84 9498 23 63x10™"
25 1.289 4352 0.9628 12.54 27783  0.7973 189.7 7339 1.7 3.7x10™"
PC 50 0.9265 28.3 09146 3283 72.5 0.8316  77.08 87.78 22 1.9x107
-Cys
Y 75 0.8647 96.97  0.6316 345.1 46.39 0.8621 40.4 91.40 1.8 22x10™*
100 0.7543 123.9 0.7164 133.7 84.31 0.7712 5435 94.08 23 49x10™
Note: SD*—Standard deviation of 3 independent measurements.
(a) (®)
_3 - _3 -
T T
8 8
< st < st
i" = Blank i‘) = Blank
-6 P-Meth 25 mg-L™! =6 P-Cys 25 mg-L™!
== P-Meth 50 mg-L"! = P-Cys 50 mg-L"'
P-Meth 75 mg-L™! P-Cys 75 mg-L™!
=7 [ = P-Meth 100 mg-L "' "7 [ = P-Cys 100 mg-L"
-08 -07 -06 -05 -04 —03 -02 -08 -07 -0.6 -05 -04 -03 —02
Potential / V Potential / V
Fig. 5. Potentiodynamic polarization curves of Q235 steel in 1 M HCI containing different concentrations of (a) P-Meth and
(b) P-Cys.

Table 3. Potentiodynamic polarization parameters of Q235 steel in 1 M HCI without or with different corrosion inhibitors

Inhibitor ¢/ (mgL™) Eon / mV fsor / (MA-cmM™?) —B./ (mV-dec™) B./ (mV-dec™) e/ Y SD*

Blank — —484 68.61 7058 8066 — —
25 -514 21.81 7546 10517 72.03 2.4

P-Meth 50 =513 18.39 7836 11008 76.42 2.1
75 -508 12.96 6851 12151 83.38 1.7

100 -510 11.14 6636 12243 85.71 1.8

25 -504 39.89 6872 8471 48.85 2.1

P-Cys 50 —490 19.76 7071 9989 74.47 22
75 =515 16.77 7541 11324 78.50 1.9

100 —486 9.64 6190 11942 88.30 1.6

Note: SD*—Standard deviation of 3 independent measurements.

the absence and presence of P-Meth or P-Cys, respectively.
The corrosion current density was substantially decreased
with the addition of amino acid derivatives. This finding
demonstrates the remarkable inhibition capabilities of these
molecules. Depending on the displacement of the £ value,
corrosion inhibitor molecules can be divided into anodic,
cathode, and mixed types. Between the inhibited and unin-
hibited solutions, if the difference is greater than 85 mV, the
amino acid derivatives can be identified as an anodic or cath-
odic inhibitor, and if the difference is less than 85 mV, the
compound is considered a mixed-type inhibitor [41-43]. In
this experiment, the maximum displacements of £, were 30

and 20 mV for P-Meth and P-Cys, respectively, which were
less than 85 mV. This finding indicates that the two amino
acid derivatives were mixed-type corrosion inhibitors. With
the addition of the inhibitors, the corrosion potential became
more negative, which demonstrates that both inhibitors
hindered hydrogen evolution. Besides, with the increase of
the P-Meth concentration, the corrosion current density re-
duced consistently. The similar trend was also observed with
the test of P-Cys. The enhanced inhibition indicates that more
inhibitors adsorbed onto the metal surface and the protective
layer becoming tighter and reducing metal oxidization. Com-
pared with S, S, changed more dramatically, and therefore,



C.Y. Li et al., Two new amino acid derivatives as green corrosion inhibitors against Q235 steel in HCI solution ... 1623

P-Meth and P-Cys mainly affected the anodic reactions.
Moreover, the potentiodynamic polarization curves were par-
allel and similar, which suggests that these molecules inhib-
ited metal corrosion by blocking the active sites on the metal
surface. Besides, as illustrated in Tables S1 and S2, #; of the
functionalized inhibitors displayed a considerable improve-
ment comparing with the raw materials.

3.4. Adsorption isotherm

The adsorption isotherm is commonly employed in the as-
sessment of the adsorption capacity of corrosion inhibitors on
a metal surface. Although this analytical approach has
prompted discussions regarding its reliability [44], it can be
considered a semiquantitative indicator that provides insights
into the Langmuir isothermal adsorption mechanisms
[45-46]. Fig. 6 depicts the adsorption isotherms of P-Meth
and P-Cys on the Q235 steel surface at 25°C. Notably, the
adsorptions of P-Meth and P-Cys conformed to the Lang-
muir adsorption isotherms [47]:

c 1

7= N +c )

where ¢ represents P-Meth or P-Cys concentration, 6 denotes
their surface coverage on the Q235 steel surface, and K in-
dicates the equilibrium adsorption constant.

Langmuir isotherms were plotted using EIS and potentio-
dynamic polarization data. The curves of ¢ versus ¢/0 were all
linear, and the correlation coefficient (R?) was close to 1. The
results showed a good correlation between corrosion inhibit-
or and Langmuir isotherm. Afterward, the standard free en-
ergy AG,q was calculated using the following formula [47]:

AG.y = -RTIn(10°K.,) (10)

where R and 7 represent a gas constant and the system tem-
perature, respectively.

The AG,4 values of P-Meth and P-Cys were —34.18 and
—34.32 kJ-mol ' (Table S3), respectively. In general, when
AG,y, is around —40 kJ-mol ' or more negative, the process is
classified as chemisorption, which indicates chemical bond
formation between the organic corrosion inhibitor and metal
surface. Conversely, when AG,y, is around —20 kJ-mol™ or
less negative, the process is considered to be physical adsorp-

120
o @

100 -
90 -
80
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60 -
50
40 |

30t —— (Tafel); R* = 0.997
2l — (EIS); R =0.999

(c/0) / (mg'L™)

20 30 40 50 60 70

¢/ (mg-L™)

80 90 100 110

tion, which involves electrostatic interactions between
charged corrosion inhibitor molecules and the metal surface.
AG,q4 values in the range of =40 to —20 kJ-mol ™' suggest the
coexistence of physical and chemical adsorption in the pro-
cess [48-49]. Therefore, P-Meth and P-Cys were adsorbed
onto the Q235 steel surface through mixed adsorptions, with
chemical adsorption being the more favorable mechanism
[38].

3.5. Quantum chemistry research

The molecular structures of P-Meth and P-Cys were op-
timized by density functional theory (DFT) method with
B3LYP hybrid functional and 6-31g(d, p) basis set at Gaussi-
an 09. Subsequently, the pre-optimized geometry was used to
calculate single point energy with the B3LYP/6-311g(d, p)
combined method. Then, the quantum chemical parameters
of P-Meth and P-Cys, including atomic charges, frontier or-
bital energy (Enomo, Erumo), and Fukui functions were ob-
tained. Based on the optimized structures and atomic prop-
erty calculation results (Table S4), the frontier orbital occu-
pancy diagrams were visualized to reveal the correlation
between anticorrosion capability and molecular structure
[50-52]. The HOMO and LUMO value surfaces of P-Meth
and P-Cys are depicted in Fig. 7.

For P-Meth, the HOMO density distribution was mainly
located on C—S bonds, and the LUMO was concentrated on
the benzene ring, nitrogen, and oxygen contained in the un-
saturated bonds. These features can also be found on the dia-
grams of P-Cys. In addition, the electron density on the nitro-
gen of P-Cys contributed to each frontier orbital interaction,
and the hydrocarbon substituents on benzene slightly con-
tributed to LUMO through hyperconjugation.

Table 4 shows the energies of HOMO and LUMO and the
energy gap (AE = Ejymo — Enomo) [10]. In general, the Eyomo
is related to the molecular electron-donating capability, and
the £y ymo is connected to the electron-accepting capability. A
low energy gap is assumed to indicate a desirable anticorro-
sion performance [53—57]. Table 4 shows the slightly lower
energy gap of P-Meth than P-Cys. Therefore, given the cal-
culated values, P-Meth may provide a relatively high IE, as
suggested by experimental data.

120

(b)
105

90 -
5+

60 -

(c/6) / (mg-L")

45

30t —— (Tafle); R* = 0.982
— (EIS); R =0.999

20 30 40 50 60 70
¢/ (mg'L™")

15
80 90 100 110

Fig. 6. Langmuir adsorption plots of Q235 steel in 1 M HCI containing different concentrations of (a) P-Meth and (b) P-Cys.
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Fig. 7. Optimized geometric structure and frontier molecular density distributions of P-Meth and P-Cys (white ball, H; brown ball,

C; red ball, O; blue ball, N; yellow ball, P).

Table 4. Calculated values of the relevant parameters of P-
Meth and P-Cys
Inhibitor Enomo / €V Erumo / €V AE/ eV
P-Meth —6.0300 —1.2816 4.7484
P-Cys —6.4923 —1.3850 5.1073

The Fukui Indices of P-Meth and P-Cys were calculated
using Hirshfield charges (Table S5) [57]. The Fukui function
predicts the most electrophilic and nucleophilic sites of mo-
lecules. The large values of f{(+) demonstrated that het-
eroatoms accept electrons from steel surfaces to form a back-
donating bond, and the larger values of f{—) indicate that the
oxygen atoms and carbons on benzene easily formed co-
ordination bonds by donating electrons to the steel surface.
Thus, the active sites on P-Meth and P-Cys corroborated the
suggestion that the inhibitor molecules would form a protect-
ive layer on the iron surface.

3.6. MD simulation

To further study the active sites and adsorption mechan-
ism of the two investigated amino acids, we used Forcite
tools to simulate the interaction of inhibitor molecules on the
steel surface and calculate the absorption (E,4) and binding
(Evinding) €nergies using the following equation [58-59]:

Eads = Etotal - (Esurface+solution + Einhibitor+solution) + Esolution (1 1)

Ebinding = _Eads (12)

where E,, denotes the total potential energy of the system
including iron crystal, I M muriatic solution (500H,0, 9CI’,
and 9H"), and an inhibitor molecule. The simulation box was
optimized before MD calculation. Fig. 8 shows the equilibri-
um snapshot of P-Meth and P-Cys over the Fe (100) surface
from two perspectives. For both inhibitors, the moiety con-
taining S atoms was more inclined to adsorb onto the iron
surface, and the @ bond on benzene tended to approach the
steel surface. Thus, the inhibitor molecules covered the metal
surface to the greatest extent, which enabled the improve-
ment of the IE.

The energies were calculated using the vacuum and
aqueous phases. The vacuum phase simulation was based on
the MC approach and that for the aqueous phase on MD sim-

Front view Top view

P-Meth 8

Fig. 8. Final snapshots of P-Meth and P-Cys through MD
simulation from two perspectives (white ball, H; brown ball, C;
red ball, O; blue ball, N; yellow ball, P; purple ball, Fe; green
ball, CI).

ulation (Fig. 8). Each method of simulation outputs 10 differ-
ent equilibrium configurations consisting of 10 sets of ener-
gies. Their calculated average binding and adsorption ener-
gies are listed in Table 5. P-Meth exhibited a higher Ey;ging
than P-Cys, which means that the former may provide better
adsorption onto the steel surface. In addition, the negative
values of E, indicated the strong adsorption capability of
both inhibitors. Compared with the two simulation environ-
ments, the adsorption behavior in the vacuum phase was in-
consistent with those in acidic solutions. Therefore, the acid-
ic environment had a great influence on IE.

Table 5. Calculated binding and adsorption energies of P-
Meth and P-Cys

System Eindging / (kJ-mol™) Eqgs / (kJ'mol™)
P-Meth + muriatic

acid + Fe (110) 2688.19 —2688.19
P-Cys + muriatic _

acid + Fe (110) 2408.32 2408.32
P-Meth + Fe (110)  2596.91 —2596.91
P-Cys + Fe (110) 1675.70 —1675.70

4. Conclusion

In this study, we demonstrated that the derivatives of p-
tert-butyl benzoic acid with methionine or cysteine as the
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functional groups led to the good corrosion inhibition effects
to steels in strong acid conditions. All the weight loss analys-
is, morphology characterizations, EIS analysis, DFT, and
MD results indicated that the better protective roles of P-
Meth and P-Cys than those of p-tert-butyl benzoic acid. Spe-
cifically, 100 mg-L™" P-Meth and P-Cys achieved inhibition
efficiencies of 95.55% and 93.13%, respectively. Potentio-
dynamic polarization results indicate that amino acid derivat-
ives acted as mixed-type corrosion inhibitors. EIS studies
suggested that P-Meth and P-Cys formed a protective film
through adsorption on the metal/solution interface, which in-
creased the corrosion resistance of the steel sample.
Moreover, the adsorption of these amino acid derivatives
onto the metal surface conformed to the Langmuir isotherm.
DFT calculations revealed the adsorption of the amino acid
derivatives through interactions involving N and S atoms and
the aromatic ring with the iron surface. MD simulations sup-
ported these findings, which confirm the superior adsorption
capability of P-Meth over P-Cys. Future research should ex-
plore the alteration of other natural products to enhance anti-
corrosion and other desirable properties [60].
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