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ABSTRACT: With an estimated global cost of $2.5 trillion per year, metal corrosion represents a major challenge across all
industrial sectors. Numerous inorganic and organic corrosion inhibitors have been developed, but there are growing concerns about
their toxicity and impact on the environment. Here, superior organic corrosion inhibitors based on indole-3-carboxaldehyde, a
compound commonly found in the digestive system, and thiosemicarbazones, a safe class of ligands, were designed and studied for
mild steel in pH 1 sulfuric acid solutions. Electroanalytical techniques and gravimetric tests revealed inhibition efficiencies as high as
98.9% at 30 °C. Models using Langmuir isotherms gave adsorption equilibrium constants K4 of 2 to 9 X 10* M™' and
corresponding Gibbs free energies of adsorption (AG,4,) as high as —41.44 kJ mol™, indicating their chemisorption. SEM images
confirmed the efficacy of these corrosion inhibitors, as surface features showed limited to no changes after tests. Surface analysis by
XPS and LC-MS revealed inhibitor concentrations on the order of 0.7 to 1.8 ug cm™> for the best compounds, further underlining
their performance at low concentrations. Mapping of the surface by MALDI-MS further confirmed the homogeneous coating of the
steel surface, with no visible fluctuations in concentrations. As all inhibitors shared the same indole thiosemicarbazone platform,
unique structure—performance relationships were drawn from theoretical calculations. Notably, DFT and AIMD explained the
differences in performance, highlighting the role of side groups in the distribution of the molecular orbitals and the role of water
molecules in enhancing the electronic properties of the organic corrosion inhibitors and promoting their chemisorption.

1. INTRODUCTION acids, such as hydrochloric acid (HCl) and sulfuric acid

Mild steel stands as one of the most prevalent construction (H,SO,), are employed to dissolve the inorganic deposits.
materials, finding applications in various sectors, including
construction, energy, manufacturing, and transportation. Its
utilization is particularly pronounced in the energy sector, where they also affect mild steel, which is prone to corrosion in the
it serves in the fabrication of pipelines, containers, and related
infrastructure, primarily due to its cost-effectiveness and robust
mechanical properties.l_3 However, its corrosion remains a
major challenge, especially in the case of pipelines. The
transportation and storage of crude oil, which is filled with
copious minerals, often results in the accumulation of deposits
along the pipelines and containers, causing their blockage.”” To
suppress such deposits, the oil industry utilizes an array of
processes that include acid pickling and descaling, where potent

Although these processes are effective in cleaning the pipelines,

1.6
presence of strong acids.””
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Corrosion inhibitors play a vital role in protecting and
preventing the deterioration of mild steel. Traditionally,
pipelines are protected by the application of inorganic coatings
that contain compounds such as chromates, molybdates,
etc.> ™' However, these compounds are carcinogenic and
detrimental to the environment. To mitigate these concerns,
research has gravitated toward the design of safe and
environmentally friendly organic corrosion inhibitors.'' ™"
Recent studies have shown that aromatic compounds
incorporating heteroatoms (N, O, S, etc.) typically give
promising results." "> The derivatives of aromatic molecules,
such as pyrroles,'®™"* Opyridines,s’w'20 imidazole,”' ™** tria-
zole,”>™** thiazole, "> quinazolinone,‘n_33 etc., have been
reported to have good to excellent inhibition efliciency against
mild steel corrosion. Their efficacy is primarily ascribed to their
ability to interact with the mild steel surface through
physisorption or chemisorption, processes facilitated by the
sharing of electrons with the vacant 3d orbitals of iron (Fe)
atoms at the surface.’"* However, their innocuousness has
recently been challenged, and some of these organic compounds
have been revealed to be harmful to the environment. Hence,
new strategies for the synthesis of eco-friendly inhibitors need to
be outlined and explored.’**” Biobased inhibitors derived from
natural resources using microorganisms are particularly
promising as they are typically biodegradable and nontoxic,
offering a sustainable alternative to inorganic and fossil-derived
inhibitors.

Here, we designed a new generation of corrosion inhibitors
derived from indole-3-carboxaldehyde, a compound commonly
found in human and animal digestive systems resulting from the
bacterial degradation of L-tryptophan, one of the most prevalent
dietary amino acids.”®*” Rather than following the Edisonian
method of trial and error, we used the indole structure as a
platform that we derivatized to generate a set of structurally
similar molecules. Our goal in this study, in addition to
generating a new class of performance corrosion inhibitors, is to
demonstrate the potential of this research strategy to establish
structure—activity relationships, offer a more systematic and
predictive framework for designing effective and targeted
inhibitors, and generate data sets that could inform future
computational tools and machine learning (ML)-guided
research.

To enhance the performance of the biosourced indole, its
aldehyde function was leveraged to couple thiosemicarbazones,
alow-cost and widely available class of organosulfur compounds
that find applications as metal ligands in coordination chemistry
and as a safe family of antitumoral and antiparasitic drugs in
medicine.*” The structural diversity of thiosemicarbazones,
specifically the possibility to tune their side groups, enabled us to
synthesize a wide range of indole derivatives using an elegant
and environmentally benign 2-step synthesis. The obtained
compounds were subsequently evaluated as corrosion inhibitors
for mild steel by using various electroanalytical, gravimetric, and
spectroscopic techniques. Corrosion inhibitions as high as
98.9% were achieved, surpassing the performance of the best
organic inhibitors reported to date. Gravimetric tests and
Langmuir isotherms further substantiated the electroanalytical
findings, revealing Gibbs free energies exceeding —40 kJ/mol.
The results underscored that chemisorption is the dominant
mechanism governing the interaction between the mild steel
surface and the designed inhibitor molecules.’ Density
functional theory (DFT) and ab initio molecular dynamics
(AIMD) calculations highlighted the dominant parameters that
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control the inhibitors’ performance as well as the role of
solvation on the electronic structure of the organic molecules.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the Organic Corrosion Inhibitors. All starting
chemicals were purchased from Sigma-Aldrich, Oakwood Chemical,
and Alfa Aesar; solvents were purchased from Fisher Scientific and used
without further purification. All reactions were carried out in flame-
dried glassware under argon with dry solvents under anhydrous
conditions unless otherwise stated. A solution of either indole-3-
carboxaldehyde (0.4935 g; 3.4 mmol) or S-methoxyindole-3-
carboxaldehyde (0.5956 g¢; 3.4 mmol) was prepared in 22 mL of
ethanol. Thiosemicabazide (0.483 g, 5.3 mmol) was subsequently
added, and the solution was refluxed at 85 °C for 4 h. Once the mixture
was cooled, the ethanol was removed by vacuum. The residue was then
washed with 25 mL of 1 N HCl and 25 mL of deionized water and dried
in high vacuum. The indole-substituted inhibitors were synthesized
using a slightly different method, starting with a solution of indole
(2.343 g; 20 mmol) in dry dimethylformamide (DMF) to which 0.88 g
of NaH (22 mmol) was added at 0 °C. After the mixture was stirred for
30 min at 0 °C, 2.748 g (24 mmol) of 2-chloropyrimidine was added to
the mixture. The solution was then heated with vigorous stirring to 130
°C and kept at this temperature for 24 h. The solution was then cooled
to room temperature, poured into water, and extracted with ethyl
acetate. The organic phase was then concentrated and purified by flash
column chromatography. In a second step, the substituted indole was
reacted with POCI; in DMF under argon at 0 °C. The reaction mixture
was slowly brought to room temperature and stirring was continued for
another 2 h. Once the reaction mixture was completed, it was poured
into cold saturated sodium bicarbonate and stirred for 30 min. A solid
precipitated out and was collected by filtration. The solid was then
washed with H,O and hot hexane to afford the desired product with
90% yield.

All of the organic corrosion inhibitors were purified either by
recrystallization or flash column chromatography using silica gel 60 A
with a particle size of 0.032—0.063 mm. 'H nuclear magnetic resonance
(NMR) spectra of the recovered products were acquired in CDCl, or
DMSO-d6 by using a Varian MR-400 (400 MHz) or Bruker NEO 400
(400 MHz) spectrometer. The corresponding spectra and 'H chemical
shifts (5) given in ppm relative to the residual protonated chloroform
peak or dimethyl sulfoxide peak as an internal reference are provided in
the Supporting Information. High-resolution mass spectra (HRMS)
were recorded on an Agilent 6540 QTOF (quadrupole time-of-flight)
mass spectrometer by using electrospray ionization. All yields refer to
isolated products by either silica gel chromatography or recrystalliza-
tion.

2.2. Preparation of Mild Steel Samples. Mild steel A366/1008
sheets (Fe-99.39%, Mn-0.38%, C-0.07%, Al-0.045%, Cr-0.024%, Ni-
0.02%, others) were purchased from Online Metals and cut into 1 X 3 X
0.076 cm coupons. The coupons were manually polished with 600, 800,
1200, and 2000-grade sandpaper and subsequently sonicated in ethanol
to remove any steel dust formed during the polishing process. After
cleaning, the samples were wiped and placed in a drying oven at 60 °C
for 30 min to evaporate any excess ethanol. Insulating tape was
thoroughly placed on the front and back sides of the dried coupons to
decrease the exposed metal surfaces to squares of 1 cm?* each. The active
corrosive surface area, including all sides, was 2.228 cm?.

2.3. Electrochemical Analysis. Open circuit voltammetry (OCV),
electrochemical impedance spectroscopy (EIS), and potentiodynamic
polarization were employed to characterize the corrosion behavior of
the mild steel coupons in 0.1 M H,SO, (Sigma-Aldrich, research
grade). It was reported in the literature that the rate of corrosion is
higher in H,SO, when compared to HCI for similar concentrations, so
H,S0, was chosen as a corroding medium."” A single-compartment 3-
electrode system was utilized, with mild steel coupons acting as the
working electrode, a platinum coil as the counter electrode, and an Ag/
AgCl electrode saturated in 4 M KCl as the reference electrode (Pine
Research Instrumentation). The electrolyte was freshly prepared before
each experiment by dissolving 1 mM of organic inhibitor in 50 mL of 0.1
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M H,S0, using a tip sonicator for 15 min (Branson 450 Digital Sonifier
with a tip size of 0.5 in. and operated at 50% amplitude). All of the
electrochemical measurements were performed using a Biologic VSP
300 potentiostat equipped with the EC-LAB software. Prior to every
measurement, the electrolyte was purged with Argon for 30 min to
remove any dissolved oxygen from the solution, and an Ar atmosphere
was maintained throughout the analysis to ensure inert conditions. The
electrochemical cell was placed in a water bath at 30 °C and maintained
at this temperature throughout the experiment. OCV measurements
were initially conducted for 30 min to stabilize the system, followed by
EIS measurements in the frequency range of 0.1 MHz to 0.1 Hz using an
amplitude of 10 mV at open circuit potential. Finally, potentiodynamic
polarization measurements were performed in the range of +500 mV of
open circuit potential, with a scan rate of 50 mV s™". All electrochemical
experiments were performed in triplicate to ensure reproducibility. The
error was calculated as the deviation from the mean, expressed as a
percentage of the mean. The error was found to be less than 0.4% for all
of the measurements.

2.4. Gravimetric Analysis. Gravimetric tests were performed to
study the weight change of mild steel coupons during the corrosion
process in the presence and absence of organic corrosion inhibitors.
Mild steel coupons were completely immersed in 0.1 M H,SO, for 3 h
at various temperatures (30, 35, 40, 45, and SO °C) and different
concentrations of corrosion inhibitor (1, 0.8, 0.6, 0.4. 0.2, and 0 mM).
These conditions were selected to ensure consistency with prior studies
and facilitate a careful comparison of the corrosion inhibition
efficiencies with the values reported in the literature. A water bath
was used to maintain a constant temperature throughout the
experiment. The weights of these coupons were measured before and
after corrosion, after drying using a stream of dry air, and gentle patting
of the surface using a dust-free Kimwipe cloth (Kimtech, Kimberly-
Clark) to remove any residual solution from the surface. All of the
gravimetric experiments were performed in triplicate to ensure
reproducibility, and the calculated AG, 4, were well within a 2% error.

2.5. Scanning Electron Microscopy. Scanning electron micros-
copy (SEM) images and energy-dispersive X-ray spectra (EDS) were
acquired by using a FEI Quanta 250 field-emission microscope
equipped with an Oxford Aztec energy-dispersive spectrometer. SEM
images of polished mild steel coupons were recorded prior to the
corrosion process, while taking note of the axial position of the area of
interest. These mild steel coupons were then subjected to corrosion in
the presence and absence of 1 mM inhibitor in 0.1 M H,SO, for a
duration of 1 h at 30 °C. The corroded coupons were dried using a
stream of air and gently wiped to eliminate residual acid on the surface.
Finally, SEM images of the corroded coupons were recorded at the
previously noted axial position to study the changes in the surface
morphology of the mild steel coupons with and without inhibitors. EDS
spectra were recorded for selected areas to determine the local and
average elemental compositions of the surface.

2.6. Mass Spectrometry Analysis and Imaging. Mild steel
coupons corroded in the presence of inhibitors and reference coupons
(an uncorroded coupon and a coupon corroded in blank H,SO,) were
submitted to the Iowa State University W.M. Keck Metabolomics
Research Laboratory (RRID:SCR 017911) for LC-MS analysis. These
coupons were placed in 20 mL glass tubes with Teflon-lined caps. A
liquid extraction was initiated with the addition of 6 mL of 1:1:1 LC-MS
grade methanol:water:acetonitrile (Fisher Scientific) for mild steel
coupons corroded in IT-1, IT-2, and IT-3. For IT-4, 18 mL of 1:1:7
methanol:20 mM HCl:acetonitrile was used for the extraction solvent.
Samples were then vortexed for 10 s and sonicated for 10 min in a
sonicating water bath (Model 2510, Branson Ultrasonics). The vortex
and sonication steps were repeated three times before the sample
extracts were allowed to settle, and the extract supernatants were
recovered and transferred to glass autosampler vials. Similarly, neat
coupons were treated by using the same extraction solvents. The neat
standards were prepared as S yg mL™" samples for the initial LC-MS
profiling. Additionally, standard curves were prepared for each inhibitor
molecule, with amounts ranging from 0.33 to 133 g per sample. After
sample preparation, the sample extracts were immediately subjected to
LC-MS analysis.
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For imaging, mild steel coupons (uncorroded, corroded in blank
H,SO,, corroded in the presence of inhibitor) were coated with a-
cyano-4-hydroxycinnamic acid (CHCA; Sigma-Aldrich) as the matrix,
which was applied using an oscillating capillary nebulizer (OCN)
sprayer.”” In short, three mild steel coupons were coated in sets of three
plates at a time for three spray deposition cycles of 300 yL of 10 mg
mL~! CHCA in 7:3 acetonitrile:water with 1% trifluoroacetic acid; all
solvents were LC-MS grade (Fisher Scientific). The coupon positions
were rotated after each deposition cycle to ensure an even matrix
deposition. The OCN unit was operated with a matrix solution flow rate
of 2mL h™" and a nitrogen gas pressure of 70 kPa with a flow rate of 4.5
L min~". After matrix deposition, the coupons were dried in a vacuum
desiccator for 30 min. Images of the prepared samples were acquired
using a Bruker SolariX Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR MS) equipped with matrix-assisted laser
desorption ionization (MALDI). Additional experimental details are
provided in the Supporting Information.

2.7. Theoretical Calculations. The molecular properties of the
four indole thiosemicarbazone inhibitors were computed in both
vacuum and in water solvated models using the Gaussian 16 software.*
The calculations were done using density functional theory (DFT) at
the B3LYP*** hybrid functional level and the 6—31G (2df, p).** Water
solvation was modeled implicitly by employing the self-consistent
reaction field (SCRF)*"~* module and the Onsager model reaction
field calculation®*™>° consisting of the dipole polarizable continuum
model (DPCM) method that was incorporated within the Gaussian 16
code, where the solute molecule was placed in a cavity within the
solvent reaction field.

Using both vacuum and solvated models, the following theoretical
parameters were calculated for the aforementioned molecules: (1)
highest occupied molecular orbital (HOMO), (2) lowest unoccupied
molecular orbitals (LUMO), (3) the Mulliken charges of these two
molecular levels, (4) the bandgap that is the energy difference between
HOMO and LUMO orbitals, (S) absolute electronegativity, (6) global
hardness, (7) global softness, and (8) the fraction of electrons
transferred from each molecule to the metal surface. The amount of the
electron transferred was calculated by assuming the electronegativitzr of
the iron metal surface (yz, = 7.0 eV), as reported in the literature.”*

Furthermore, ab initio molecular dynamics (AIMD) simulations
were performed for IT-1 to understand the adsorption mechanism and
energetics of the inhibitor molecule on the Fe surface. IT-1 was selected
based on its high performance compared to other inhibitors considered
in this study. The simulations were performed on the Fe (110) surface
as it is one of the most dominant iron surfaces, it has the lowest surface
energy,”® and most studies on organic corrosion inhibitors focused on
their adsorption on the Fe (110) facet.***”*® An optimized Fe unit cell
was extended to a4 X 4 X 2 in the x-, y-, and z-directions, respectively, to
create a supercell. The supercell was then rotated 90° in the xy-direction
to create a surface area of 16.06 A% in size and then cleaved in the z-
direction to create the Fe (110) slab. The Fe unit cell, bulk, and (110)
slab were all optimized with the convergence criteria of 1 X 107° eV for
electronic self-consistent iterations until all of the forces acting on ions
were less than 0.02 eV/A. The 3 X 3 X 3 and 3 X 3 X 1 meshes of k-
points in the Monkhorst—Pack scheme®” were chosen for the Brillouin
zone sampling of the bulk and the slab, respectively, along with the
application of 0.1 eV of Gaussian smearing. Further details are provided
in the Supporting Information.

The adsorption of IT-1 onto the iron surface was probed using
AIMD simulations that were done at I'-point sampling with a time step
of 6t = 1 fs for at least 10 ps, until all of the forces converged. A cutoff of
400 eV was also employed, with the electronic energy convergence
criterion of 1 X 107* eV that was enforced at each time step. The Nosé-
Hoover algorithm®”®' was employed to maintain the average
temperature at 300 K. In all cases, one molecule of inhibitor was put
in the box, surrounded by water molecules. The effect of water on the
adsorption of the inhibitors and its corresponding adsorption-free
energy barriers was studied by employing two different models: (1) a
water monolayer on top of the iron surface and (2) bulk water. For the
monolayer, the Fe (110) slab was fitted into a simulation cell of 16.06 X
16.06 X 30.68 A3 subject to periodic boundary conditions. The z-length
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Figure 1. (a) Overall schematic of the synthesis pathway and (b) molecular structures of the indole thiosemicarbazone (IT) corrosion inhibitors.

of the simulation box leaves ~26.5 A of a vacuum gap that was
incorporated to avoid spurious interactions between adjacent slabs. The
monolayer was composed of 30 water molecules that were first
absorbed on the Fe (110) surface to provide a complete monolayer
coverage to the slab. The density of the water monolayer in the
simulation box was approximately equivalent to p = 0.13 g/cm’.
Meanwhile, in the case of the bulk water, the size of the simulation was
reduced to 16.06 X 16.06 X 20 A3, which was filled with 140 water
molecules to mimic the density of the water in real life thatis p = 1 g/
cm®,

Avogadro62 was used to visualize the HOMO and LUMO orbitals,
and Visual Molecular Dynamics (VMD)®® and Visualization for
Electronic and Structural Analysis (VESTA) * were used for molecular
dynamics trajectories analysis and image creation, respectively.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization. The corrosion
inhibitors were synthesized using a simple and green procedure
that leverages indole-3-carboxaldehyde, a product of the
microbial degradation of L-tryptophan, and thiosemicarbazide,
a safe and widely available organic compound key to chelating
agents and to antitumoral and antiparasitic drugs (Figure 1a).
Upon purification, the indole thiosemicarbazone (IT) inhibitors
IT-1,1T-2, IT-3, and IT-4 were obtained in 70, 96, 75, and 69%
yields, respectively (Figure 1b). The corresponding '"H NMR
peak assignments and HRMS data are provided in the
Supporting Information.

3.2. Electrochemical Analysis. 3.2.1. Electrochemical
Impedance Spectroscopy. The electrochemical impedance of
the mild steel coupons in the presence of inhibitor molecules
was calculated using the Nyquist plots shown in Figure 2a. The
fitting of the plots was done by approximating Randell’s circuit,
which consists of solution resistance (R;) in series with a parallel
arrangement of charge transfer resistance (Rct) and constant
phase element (CPE) as indicated in Figure 2b.°> The corrosion
parameters such as R, double layer capacitance (Cy), and
inhibition efficiency (%) were calculated from the equivalent
circuit using eqs 1 and 2.**°° The corresponding values are
presented in Table 1.

Ry = Rero)
R

%1, = X 100

(1)

Ca = (YORclt_n)l/n (2)

From the data in Table 1, it can be observed that the charge
transfer resistance (R) increased by approximately 2 orders of
magnitude in the presence of the inhibitors compared to the
blank sample. This increase in the R, values indicates the
formation of a protective layer on the surface of the mild steel
coupon, which restricts the charge transfer between the surface
and the electrolyte, thereby preventing corrosion. In addition, it
can be noted that the values of Cq decreased in the presence of
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Figure 2. (a) Nyquist plot, (b) equivalent Randell’s circuit, (c) Bode impedance magnitude plot, and (d) corresponding Bode phase angle plot for mild
steel in 0.1 M H,SO, in the absence and presence of 1 mM of IT corrosion inhibitors.

Table 1. Corrosion Parameters Calculated after Fitting the
Nyquist Plot to Randell’s Circuit

inhibitor (lesmz) R, (Q cm?) (ﬂF(/:glmz) %R
blank 49 472 210.48
IT-1 5.0 4255.5 (+0.285) 40.62 98.89 (+0.004)
IT-2 5.1 2782.8 (+0.169) 45.40 98.30 (+0.004)
IT-3 6.7 1736.3 (+0.100) 38.06 97.28 (+0.003)
IT-4 5.7 1903.2 (+0.088) 32.82 97.52 (+0.002)

inhibitors, which is due to the resulting displacement of water
molecules by the organic compounds on the surface of mild
steel.>*” The highest corrosion inhibition efficiency (%) was
observed to be 98.89% for inhibitor IT-1. The %y values for
inhibitors IT-2, IT-3, and IT-4 were found to be 98.30, 97.28,
and 97.52%, respectively. Interestingly, the %y values for
inhibitors IT-1 and IT-2 were higher than those for IT-3 and IT-
4 despite the similar molecular structures of the four
compounds.

The bode impedance plot presented in Figure 2c showed a
clear increase in the values of interfacial impedance at all
frequencies in the presence of inhibitor molecules compared
with the blank sample. This further supports that the inhibitor
molecules are forming a protective layer over the surface of the
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mild steel. The bode phase angle plot (Figure 2d) revealed that
all of the curves display a single-phase maximum, signifying a
single time constant for the metal-acid interface, which can be
assigned to the charge transfer process. The increase in the
numerical value of the phase angle in the presence of an inhibitor
is due to an increase in capacitive characteristics because of the
formation of a protection layer over the mild steel surface, which
acts as an electric double layer.”*

3.2.2. Potentiodynamic Polarization Curves. Polarization
curves were used to calculate the corrosion parameters, such as
corrosion current density (I.,), corrosion potential (E,),
Tafel slopes (f, and f3.), and inhibition efficiency (%;). The
values of I, and E_,,, were determined with the aid of EC-LAB
software using Tafel plots and %#; was calculated from these I,
values by using eq 3

o_Ii

X 100

%111 =

o

©)

It can be observed from the polarization curves presented in
Figure 3 that both cathodic and anodic currents decreased in the
presence of inhibitor molecules compared to the blank H,SO,
solution. This observation suggests that the inhibitor molecules
are effective in mitigating both the hydrogen evolution reaction
(HER) at the cathode and mild steel degradation at the anode,
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6 3.3. Gravimetric Analysis. The gravimetric analysis
IBII?FI;k IT-1 experiments were performed for different concentrations of
4 Inh!b!:tfor IT-2 the inhibitor and at different temperatures. Corrosion
I:h:b:tg: IT:3 parameters such as surface coverage (6), corrosion rate (@),
Inhibitor T4 and inhibition efficiency (%) were calculated using eqs 4—6
24
£ w, @)
= 0+
S / o= 87.6 X (w, — w)
2 DXAXt (8)
% = W — W
b1l = X 100
La) W, (6)
where w, is weight loss in the absence of inhibitor, w; is the
-6 . T . . weight loss in the presence of inhibitor, D is the density of mild
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2

E vs Ag/AgCI (V)

Figure 3. Polarization curves of mild steel coupons in 0.1 M H,SO, in
the presence and absence of inhibitors.

thus suppressing corrosion.”® Furthermore, Table 2 indicates
that the E_,, values shifted marginally toward anodic potentials
in the presence of the inhibitors, with the most significant shift of
38.6 mV observed for inhibitor I'T-2. Since this shift falls within
the range of + 85 mV, it can be inferred that the inhibitor
molecules protect both cathodic and anodic sites from
corrosion, thereby exhibiting mixed behavior.”'

From the data presented in Table 2, it is evident that the
highest current density was observed in the absence of the
inhibitor at 486.27 uA cm™2 The corrosion current decreased in
the presence of an inhibitor because corrosion involves the
transfer of electrons between mild steel and the acidic solution.
The inhibitor molecules protect the mild steel by impeding this
electron transfer, thereby mitigating corrosion. It is observed
that in the presence of inhibitor molecules, the corrosion
currents significantly decreased compared to the blank sample,
with the lowest corrosion current observed for inhibitor IT-2 at
5.82 yA cm™> From the %y values, it can be inferred that
inhibitors IT-1 and IT-2 exhibit better inhibition properties
compared to those of inhibitors IT-3 and IT-4. Furthermore, the
anodic Tafel slope (/3,) values remain almost constant (except
for inhibitor IT-4), suggesting that the inhibitor molecules are
adsorbed onto the mild steel surface at the initial stage of its
corrosion, blocking surface sites from corrosion without altering
the corrosion reaction mechanism.”*

Table 2. Corrosion Parameters Calculated from Polarization
Curves Performed on Mild Steel Coupons with and without
Inhibitor Molecules

p.
Lo (mV/ B.
inhibitor E, . (mV) (uAcm™) dec) (mV/dec) %1,
blank  —478.0 486.27 120.1 147.7
IT-1 —467.6 6.78 127.4 107.3 986
(£0.0006)  (+0.220) (£0.002)
IT-2  —439.4 5.82 127.1 121.8  98.8
(£0.058) (+0.010) (£0.0012)
IT-3 —459.2 15.51 121.8 1184  96.8
(£0.007) (+0.071) (£0.002)
IT-4  —4672 18.44 167.6 123 96.2
(£0.002) (+0.101) (£0.003)
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steel coupons (g cm™), A is the surface area of the mild steel
coupon (cm?), and t is the time length of the experiment
(h).570

3.3.1. Langmuir Adsorption Isotherms. We have studied
various models to analyze the adsorption characteristics of the
corrosion inhibitors on the surface of mild steel (Supporting
Information). We found that Langmuir adsorption isotherms
provide the best fit when analyzing the adsorption results
obtained for the four inhibitors. The adsorption isotherms
(Figure 4) were generated by using the concentration of
inhibitors (C,;) used during gravimetric experiments and

surface coverage () by using the following linear expression (eq
7)1

C, 1
inh = 4 Cinh
0 Kads

(7)

Experiments were performed at five different temperatures
(30 to 50 °C), and the intercept obtained from these plots was
used to calculate the equilibrium constant of adsorption (K,4)-
The Gibbs free energy of adsorption (AG,4) of the inhibitor
molecules was calculated using the K, 4 values using eq 8

AGadS:_RT X 1n(55.5 X Kads) (8)

where T is the temperature (K), R is the universal gas constant
(8.314J K ' mol™!), and 55.5 is the concentration of water (M)
in the solution. These adsorption parameters were interpreted
from Figure 4 and are illustrated in the Supporting
Information.”>”?

The obtained equilibrium constants of adsorption K, 4, were in
order of 10* across all temperatures (Table 3). These values
were on par with previously reported equilibrium constants and
were consistent with the strong adsorption of the inhibitors to
the surface of the mild steel. IT-2 displayed the highest AG_g4,
(—41.44 kJ/mol) at 50 °C, suggesting that inhibitor IT-2 is the
most effective in mitigating mild steel corrosion. The order of
K4 and AG,q is as follows: IT-2 > IT-3 > IT-1 > IT-4.
Additionally, AG,4, ranged between —34.9 and —41.4 kJ/mol. It
has been reported that AG,q4, values smaller than —20 kJ/mol
indicate physisorption, while values larger than —40 kJ/mol
suggest chemisorption. Since most AG,4, values are close to —40
kJ/mol, it can be inferred that the adsorption of inhibitor
molecules on mild steel primarily occurs via chemisorption.”*
This chemisorption likely involves the sharing of 7-electrons of
inhibitors with the unoccupied 3d orbitals of mild steel.’*”*

3.3.2. Activation Parameters. The calculation of the
activation parameters, namely, activation energy (E,), activation
enthalpy (AH,), and activation entropy (AS,), were performed

https://doi.org/10.1021/acs.langmuir.5c00183
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Figure 4. Langmuir adsorption isotherms obtained for (a) inhibitor IT-1, (b) inhibitor IT-2, (c) inhibitor IT-3, and (d) inhibitor IT-4.

Table 3. Adsorption Parameters Calculated from Langmuir
Adsorption Isotherms for Inhibitor Molecules at a
Temperature of 323 K

inhibitor K4, x 10* (M) AG,4, (KJ/mol)
IT-1 3.16 (+0.250) —38.63 (+0.022)
IT-2 9.00 (+0.201) —41.44 (+0.013)
IT-3 4.76 (+0.540) —39.73 (+0.043)
IT-4 2.38 (+0.028) —37.86 (+0.002)

using the corrosion rates (@) from gravimetric analysis and
applying the Arrhenius eq 9 and transition state eq 10 which are
presented below

log (@) E, + log A
o = o]
& 2.303 X RT & 9)
%) R AS, AH,
log [=|=log|—|+ -
T N,k 2303 X R 2.303 X RT
(10)

where T is the temperature (K), R is the universal gas constant
(8.314 J K™! mol™), A is the pre-exponential factor, N, is
Avogadro’s number = 6.023 X 10® mol™), and h is Plank’s
constant = 6.626 X 107>* m? kg s71.7%”’
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Activation energies were calculated for the adsorption process
using the Arrhenius plot (log @ vs 1000/T) in Figure Sa. E,
values decreased in the presence of inhibitors compared to the
blank sample, likely due to the chemisorption of inhibitors by
sharing 7-electrons with the empty d-orbitals of mild steel
(Table 4)."***3 It can also be seen that the values of E, were in
the order of: IT-2 < IT-1 < IT-3 < IT-4. Hence, it can be inferred
from the results that IT-1 and IT-2 display a better extent of
adsorption on the surface of mild steel in comparison to
inhibitors IT-3 and IT-4.

Other activation parameters, such as AH, and AS,, were
estimated using the transition state plot (log @/T vs 1000/T) in
Figure Sb. From Table 4, it can be observed that the AH, values
are positive, implying that the corrosion of mild steel in 0.1 M
H,SO, is an endothermic process. The decrease in the AH,
values in the presence of ITs signifies the mitigation of the
corrosion reaction by the inhibitor molecules.”” The order of
AH, values is IT-2 < IT-1 < IT-3 < IT-4. The negative value of
AS, for the blank sample results from the mechanism of HER
occurring on the mild steel surface. The HER process comprises
a sluggish electron transfer from the mild steel substrate,
followed by either chemical recombination at lower over-
potential levels or electrochemical desorption reactions at higher
overpotential levels. The decrease in randomness due to these

https://doi.org/10.1021/acs.langmuir.5c00183
Langmuir 2025, 41, 8407—-8423


https://pubs.acs.org/doi/10.1021/acs.langmuir.5c00183?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c00183?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c00183?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c00183?fig=fig4&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c00183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

pubs.acs.org/Langmuir

Langmuir
(a) 244 = Blank, R?=0.94
ol ® Inhibitor IT-1, R?=0.86
A Inhibitor IT-2, R?=0.94
1.6 1 . v Inhibitor IT-3, R?=0.89
15 + Inhibitor IT-4, R?=0.97
£ 08
E
= 0.4+
&
g 04 \’\'
0.4
-0.8
1.2
T T T T T
31 315 3.2 3.25 3.3
1000/T (K™

(b)

0.5
®  Blank, R?=0.94
0 e Inhibitor IT-1, R?=0.84
e A Inhibitor IT-2, R?=0.99
’ v Inhibitor IT-3, R?=0.88
& ¢ Inhibitor IT-4, R?=0.97
x
> -1.5
E
E 2
%-2.5-
[=)]
S -3 ¥
-3.54
-4
-4.5 T T T T T
31 315 3.2 3.25 33
1000/T (K™)

Figure S. (a) Arrhenius plot (log @ vs 1000/T) and (b) transition state plot (log @/T vs 1000/T) generated from the gravimetric analysis of mild steel

coupons in the presence of inhibitors IT-1, IT-2, IT-3, and IT-4.

Table 4. Activation Parameters Estimated from Arrhenius
Plots and Transition State Plots

inhibitor E, (kJ/mol) AH, (kJ/mol) AS, (J/mol'K)
Blank 50.94 48.34 —69.88
IT-1 36.33 33.73 —143.96
IT-2 29.20 26.60 —-167.97
IT-3 44.32 41.72 —111.94
IT-4 47.50 44.90 —105.37

intermediate steps results in the negative values of AS,.**”*” In

the presence of inhibitor molecules, AS, values were even more
negative compared with the blank sample, inferring that the

activated states of these processes in the presence of the
inhibitor became more organized. As the inhibitor effectively
obstructs the cathodic reaction sites to a significant degree, the
adsorption of protons on the metal surface and the
recombination of surface-adsorbed hydrogen atoms necessitate
closer interactions, leading to a more negative AS, value. The
order of the AS, values is as follows: IT-2 < IT-1 < IT-3 < IT-4.
This indicates that inhibitors IT-2 and IT-1 are better at
adsorption onto the mild steel substrate and thus act as better
inhibitors.

3.4. Surface Characterization. 3.4.1. SEM and EDS
Analysis. SEM characterizations of the mild steel coupons

(a) Before

Figure 6. SEM images of mild steel coupons before and after corrosion for 1 hin 0.1 M H,SO,: (a) in the absence of inhibitor, (b) in the presence of IT-
1, (c) in the presence of IT-2, (d) in the presence of IT-3, and (e) in the presence of IT-4.
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Figure 7. SEM images and selected-area EDS spectra of mild steel coupons corroded in the presence of (a) IT-3 and (b) IT-4. The corresponding

elemental compositions are listed in Table S.

were performed to investigate the effect of the organic inhibitors
on surface topology during 1 h corrosion tests in 0.1 M H,SO,.
To ensure a thorough investigation, SEM images were acquired
for the same areas before and after corrosion by taking note of
the corresponding axial positions. A rough and unrecognizable
surface was observed for the mild steel coupon tested in the
absence of an inhibitor (Figure 6a), consistent with the well-
documented pitting and partial dissolution that take place
during the corrosion of mild steel in acidic media. In contrast,
the mild steel’s surface was well preserved when 1 mM of
corrosion inhibitor was added to the acidic medium, with the
same surface features being clearly visible before and after
corrosion (Figure 6b—d). These SEM images visually support
the electroanalytic and gravimetric results obtained under
similar conditions and infer that the inhibitor molecules
effectively protect the whole surface of the coupons from
corrosion. They also confirm the higher performance of IT-1
and IT-2 as the corresponding images show fewer alterations
than those recorded for IT-3 and IT-4.

Interestingly, several dark spots were observed in the
backscattered electron images for IT-4 (Figure 6e), suggesting
the presence of lower atomic weight elements.”” These areas
were further investigated by EDS to determine the elemental
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composition of the dark regions and their possible origin. Figure
7a and Table S reveal that the spots contain high concentrations
of C, N, and S, and a proportionally lower concentration of Fe
compared to other areas of the coupon. Considering the analysis
depth of EDS (1—2 pm), the elemental analysis suggests that the
dark spots correspond to micron-sized deposits of IT-4 on the
surface of mild steel. These deposits formed due to the lower
solubility of this inhibitor in the acidic solution compared with
the other compounds (Figure SS). Similar dark spots, albeit
significantly smaller, were also found on the surface of the mild
steel coupon treated with IT-3 (Figure 6b). Collectively, these
results may explain the deviations between the electroanalytic
and gravimetric data noted for IT-3 and IT-4 (vide infra).
3.4.2. XPS Spectroscopy. The mild steel coupons were
analyzed by XPS after exposure to corrosion media containing 1
mM of inhibitors. The C, O, N, and Fe spectra were
deconvoluted and the corresponding results are presented in
the Supporting Information. The C 1s spectra exhibit peaks
around 284.4 and 284.8 eV, consistent with the presence of C—
C, C=C, and C—H functionalities in the inhibitor molecules.®’
Peaks near 286.2 eV correspond to the C—N linkage within the
inhibitor molecules.*” The presence of thioamide functional
groups for all inhibitor molecules gave a peak at 287.5 eV. The
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Table S. Elemental Composition in Weight % Calculated
from the EDS Analysis of Selected Areas of the Mild Steel
Coupons before and after Corrosion in 0.1 M H,SO, in the
Presence of Inhibitors IT-3 and IT-4

label C N (0] S Fe total
inhibitor IT-3
before corrosion 1.56 0.65 97.70 100
after corrosion 61.85 28.67 9.08 0.41 100
area 1
after corrosion 60.40 23.89 0.85 10.27 4.58 100
area 2
after corrosion 60.53 25.41 9.16 4.89 100
area 3
after corrosion 1.94 1.48 0.74 95.85 100
area 4
inhibitor IT-4
before corrosion 1.24 0.65 98.11 100
after corrosion 49.62 9.56 4.15 14.16 22.51 100
area 1
after corrosion 48.88 8.11 3.60 14.12 25.29 100
area 2
after corrosion 50.72 11.2 4.11 12.10 21.88 100
area 3
after corrosion 1.66 1.02 0.53 96.80 100

area 4

“Areas 1—3 correspond to spot analyses of the dark regions visible in
Figure 7a,b, while Areas 4 correspond to larger regions free of dark
features (white rectangles in Figure 7a,b).

peak at 288.7 eV is attributed to the interactions between carbon
atoms in the inhibitor molecules and oxygen atoms from the
oxidized mild steel surface.

The O 1s spectra revealed peaks around 529.9, 530.9, and
531.6 €V, corresponding to the presence of FeO, FeOOH, and
Fe(OH),, respectively.®” These findings indicate the presence of
oxygenated corrosion products over the protected mild steel
substrate, which is consistent with prior reports.”* The N 1s
spectra showed peaks at 398.2 and 399.4 eV, confirming the
presence of C=N and —C==S functionalities, respectively, in
the inhibitor molecules. The peak around 400.5 eV is
characteristic of aromatic-N linkages in the inhibitor molecules,
with increased intensity observed for inhibitors IT-3 and IT-4, in
good agreement with their molecular structures.”” Additionally,
the N—N linkage in thiosemicarbazone groups gave a peak
around 401.8 eV in the N 1s spectra.** The Fe 2p spectra appear
as a doublet for all inhibitor molecules, with 2p;,, observed
around 710.8 eV and 2p, , around 724.3 eV. The 2p;,, peak is
deconvoluted into three distinct peaks: one around 706.5 eV
corresponding to the Fe’ state, one around 710.6 eV
corresponding to the Fe®* oxidation state, and one around 714
eV corresponding to the Fe>* oxidation state.*> These results
thereby indicate not only the presence of these inhibitor
molecules over the surface of the mild steel coupon but also their
attachment to the oxygenated moieties present on the surface of
mild steel, thus forming a stronger interaction with the mild steel
surface and protecting it from corrosion.

3.4.3. Mass Spectrometry Analysis and Imaging. To
quantify the amount of inhibitor molecules adsorbed onto the
mild steel coupons, we conducted an LC-MS analysis of the
metal samples after 1 h tests in 0.1 M H,SO, containing 1 mM of
the desired inhibitor. Solutions containing known concen-
trations of inhibitors were also prepared and used as external
standards for quantification. A list of molecular features was
compiled for each inhibitor based on the observed features in the
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total ion chromatograms (TIC), making sure that the ions were
present in abundance both in the standard solutions and in the
solutions prepared using the corroded coupons (Supporting
Information). As can be seen in Table 6, the performance of the

Table 6. Amounts (in g) of Indole Thiosemicarbazone
Inhibitors Found by LC-MS on the Surface of the Mild Steel
Coupons after 1 h Corrosion Tests

inhibitor adsorbed weight(ug/plate)
IT-1 12.83
1T-2 491
1T-3 175.62
IT-4 80.33

IT inhibitors did not scale with the surface concentrations.
Relatively low amounts of IT-1 and IT-2, ie, 5—13 ug per
coupon, were sufficient to afford an inhibition efficiency of
>98.5%. In contrast, the amounts measured for IT-3 and IT-4
were 1—2 orders of magnitude higher (80—176 ug per coupon).
These findings are consistent with the SEM-EDS investigations
and the gravimetric results, highlighting that a monolayer of a
potent inhibitor is sufficient to offer good protection, while
higher concentrations are usually the result of the inhibitor’s
lower solubility in the aqueous medium and/or the formation of
agglomerates on the surface of mild steel. These results also
confirm that the performance of an inhibitor is primarily
controlled by its electronic structure and the free energy
associated with its binding to the surface, not the amount of
adsorbed inhibitor.

MALDI-MS was further performed on the coupons to confer
spatial resolution to the LC-MS data and visualize the
distribution of the inhibitors over the entire metal surface.
The ions used for quantification by LC-MS served here to map
the organic compounds adsorbed on the surface. Remarkably,
the parent ions (M+H-+, the protonated and positively charged
molecular inhibitors with m/z of 390.10, 394.13, 297.09, and
320.09 for IT-1, IT-2, IT-3, and IT-4, respectively) were evenly
distributed across the investigated areas and afforded the
strongest signals relative to other ions. The resulting images
(Figure 8) confirm that the 4 compounds bind to the entire
metal surface, forming a protective layer, and that the aggregates
observed by SEM are not the result of poor metal-inhibitor
interactions. IT-1 (in pink in Figure 8) showed the most uniform
and widespread coverage with virtually no fluctuation in the
local concentration. The calculated masses of the detected ions
also suggest that the molecular integrity of the compounds is
preserved during corrosion tests and that they do not experience
significant amounts of acid- or metal-promoted degradation or
transformation. This finding is important as it confirms the
absence of artifacts and indicates that structure—activity
relationships are within reach for this class of inhibitors

3.5. Theoretical Calculations. 3.5.1. HOMO and LUMO
Structures of the Indole Thiosemicarbazone Inhibitors. The
geometrical optimization of the inhibitor molecules was
performed using DFT calculations to determine the electron-
rich sites, i.e., highest occupied molecular orbitals (HOMO),
and electron-deficient sites, i.e., lowest unoccupied molecular
orbitals (LUMO). These calculations were performed for both
the inhibitors in a vacuum and the solvated compounds to
understand the effect of solvation on their performance.

The distribution of the HOMO and LUMO orbitals of the
molecules in a vacuum was found to vary greatly depending on
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Figure 8. MALDI-MS mapping of mild steel coupons. An optical image (top) and the selected-area maps computed using the signal of the most
abundant ions (bottom) are provided for each of the six samples: (a) pristine mild steel coupon, (b) coupon exposed 0.1 M H,SO, in the absence of
inhibitor, and samples exposed to 0.1 M H,SO, containing 1 mM of (c) IT-1, (d) IT-2, (e) IT-3, and (f) IT-4.
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Figure 9. HOMO structure for vacuum of inhibitor molecules (a) IT-1, (b) IT-2, (c) IT-3, and (d) IT-4, computed through DFT-B3LYP/6-31G using

Gaussian 16 program.
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Figure 10. HOMO structure for solvation of inhibitor molecules (a) IT-1, (b) IT-2, (c) IT-3, and (d) IT-4, computed through DFT-B3LYP/6-31G
using Gaussian 16 program.
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Table 7. Molecular Reactivity Parameters Obtained from DFT Calculations

inhibitor Ey (eV) E; (eV) AE (eV)
IT-1 vacuum —-5.391 —1.456 3.935
IT-1 solvated —4.939 —0.814 4.125
IT-2 vacuum —5.285 —1.381 3.904
IT-2 solvated —4.824 —0.768 4.056
IT-3 vacuum —5.435 —1.822 3.613
IT-3 solvated —5.025 —1.204 3.114
IT-4 vacuum —5.428 —1.832 3.630
IT-4 solvated -=5.010 —1.226 3.118

x (eV) 7 (eV) o(eVh) AN
3.423 1.968 0.508 0.909
2.876 2.062 0.485 1.000
3.333 1.952 0.512 0.939
2.796 2.028 0.493 1.036
3.629 1.806 0.554 0.933
3.114 1.910 0.523 1.017
3.630 1.798 0.556 0.937
3.118 1.892 0.529 1.026

the nature of the side groups despite the four inhibitors sharing
the same indole thiosemicarbazone platform structure (Figure
9). These differences highlight the importance of side groups on
the electronic structure of the whole molecule, suggesting that
the performance of an organic corrosion inhibitor can be
tailored to a great extent through simple chemical derivatization.
These results also highlight that the electronic structure of an
organic corrosion inhibitor cannot simply be described as the
cumulative contribution of the individual building blocks that
form the molecule. As such, the presence of multiple electron-
rich heteroatoms (N, S, and O) is not a guarantee of high
corrosion inhibition. Instead, these results suggest that DFT
calculations are required to explain and predict their perform-
ance.

Our calculations also reveal the important role played by the
solvent in the electronic structure and performance of these
compounds (Figure 10). While the HOMO of IT-1 and IT-2
was localized in the thioamide part of the inhibitors when
computed in a vacuum, the orbital was also distributed in the
indole part of the molecules upon solvation. Since HOMO
orbitals are electron-rich, the redistribution of the HOMO for
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IT-1 and IT-2 indicates an enhanced electron donation
capability of these inhibitor molecules under solvated
conditions, where corrosion typically occurs.*>*” Interestingly,
we observed minimal changes in the HOMO and LUMO
distribution upon solvation for inhibitors IT-3 and IT-4.

The simulated Mulliken charges for each of the atoms of the
four inhibitors are presented in the Supporting Information. As
anticipated, the heteroatoms carry negative charges that
facilitate the inhibitors’ interactions with the electron-deficient
metal surface.***® Interestingly, some of the charges became
more pronounced for the solvated molecules, further high-
lighting the role of the solvent in their electronic structure and
adsorption properties.

3.5.2. Molecular Reactivity Calculations. The reactivity of
organic corrosion inhibitors can be further estimated from the
position of HOMO (Ey) and LUMO (E;) orbitals, global
hardness (y), softness (o), electronegativity (y), and fraction of
electrons transferred to the surface of the metal (AN). These
parameters were calculated for both the inhibitors in a vacuum
and the solvated molecules using eqs 11—15

AE =E, - Ey (11)
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Figure 11. Adsorption of inhibitor IT-1 on a Fe(110) surface in liquid water (left: side view; right: top view). Atom legend: yellow: S, brown: C, white:
H, blue: N, gold: Fe. The gold mesh represents the Fe(110) surface, while the water was presented as red-white wires.

__ B+ Ey
2 (12)
y = EL - EH
2 (13)
c=1/y (14)
Hre ~ Ain
AN = 2T, =70V
anh (15)

The reactivity parameters calculated from the above equations
are listed in Table 7. Ey values indicate the electron donation
ability of the inhibitor molecule to the empty d-orbitals of metal
atoms while E; values indicate their electron back acceptance
ability. It has been previously established that small values (less
negative) for both Ey and E| favor the strong adsorption of
organic corrosion inhibitors to the metal surface.”® Likewise, a
lower AE, defined as the energy difference between HOMO and
LUMO orbitals, is an indicator of chemical reactivity, which can
play a role in inhibitors that protect metals through sacrificial
oxidation. As can be seen in Table 7, IT-1 and IT-2 have Ey; and
E| energies 0.1—0.2 lower than those of IT-3 and IT-4. The
solvent further lowers their energies by 0.4—0.6 eV, in good
agreement with the changes in the molecular orbitals and the
stronger binding anticipated from Figures 9 and 10. Interest-
ingly, the trend observed for AE values is inconsistent with the
inhibition efhiciencies observed experimentally. This discrep-
ancy has been reported by other research groups and likely
indicates that the IT inhibitors adsorb and form a protective
layer on the metal rather than acting as a sacrificial redox
compound.' ¥

Other performance indicators, namely, electronegativity and
the fraction of electrons transferred with the metal surface, are
also fully consistent with the better performance of IT-1 and IT-
2. Specifically, low electronegativity favors the transfer of
electrons from the organic compound to the metal (yp. = 7.0 eV)
until their chemical potentials come into equilibrium.”’ The
~0.3 eV lower values for IT-1 and IT-2 compared with IT-3 and
IT-4 again support the stronger adsorption of the former. In
addition, AN values lower than 3.6 imply a high tendency of the
inhibitors to donate electrons to the mild steel substrate. Here,
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all of the AN values were found to range between 0.9 and 1.0,
indicating a similar adsorption process by electron donation for
the four compounds.”>>

3.5.3. Ab Initio Molecular Dynamics (AIMD) Simulations.
AIMD simulations were performed to better understand the role
played by the solvent at an experimentally relevant temperature
of 300 K. The simulations were performed for IT-1 in the
presence of a water monolayer and bulk water to study (i) how
the inhibitor displaces the water molecules near the surface
during adsorption and (ii) how water alters its electronic
structure and binding energy. All simulations were performed
for Fe (110) as a representative surface for mild steel.”*~"°

In the presence of a water monolayer, IT-1 was found to
physisorb on the water molecules through interactions between
the indole fragment of the inhibitor and the hydrogen atoms of
H,0. However, spontaneous chemisorption occurred in the
presence of bulk water (Figure 11). These results further
highlight that instead of impeding the diffusion and adsorption
of the inhibitors, water molecules actually facilitate the
chemisorption of the solvated compounds by promoting their
electronic structure and binding affinity.

4. CONCLUSIONS

In conclusion, the biobased corrosion inhibitors developed in
this work demonstrate exceptional efficacy in mitigating mild
steel corrosion in acidic environments. The findings from
electrochemical impedance spectroscopy and polarization curve
analyses indicated that they not only exhibit high corrosion
inhibition efficiencies but also protect both cathodic and anodic
sites from corrosion. Further, gravimetric analysis revealed that
IT inhibitors follow the Langmuir model of adsorption, and the
values of AG,y, (close to —40 kJ/mol) revealed they are
chemisorbed to the surface of mild steel. From both electro-
chemical and gravimetric analyses, it can be inferred that
inhibitors IT-1 and IT-2 have superior performance in
mitigating corrosion in comparison to inhibitors IT-3 and IT-4.

SEM images of mild steel coupons before and after corrosion
confirmed a significant reduction in the degree of corrosion in
the presence of IT inhibitors. Additionally, inhibitors IT-3 and
IT-4 were found to form deposits on the mild steel surface,
which may account for the deviations observed between the
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electrochemical and gravimetric analyses. LC-MS and MALDI-
MS confirmed that the inhibitor molecules covered and
protected the whole mild steel surface with IT-2 offering the
highest protection at a surface concentration as low as 0.7 g
cm ™2 Moreover, DFT calculations provided valuable insights
into the HOMO and LUMO positions on the molecules,
revealing, in particular, the role of side groups on the electronic
structure of the indole thiosemicarbazone platform. Other
computed reactivity parameters aligned well with experimental
observations. Overall, both experimental and theoretical results
affirm that inhibitors IT-1 and IT-2 possess better corrosion
inhibition capabilities compared with inhibitors IT-3 and IT-4
that can be traced back to their electronic structure. Finally, DFT
and AIMD results showed that solvation played an important
role in enhancing the electronic properties and driving their
chemisorption.
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