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Abstract: This paper addresses the prediction of the adsorption behavior as well as the inhibition
capacity of non-toxic sulfonamide-based molecules, also called sulfa drugs, on the surface of mild
steel. The study of the electronic structure was investigated through quantum chemical calculations
using the density functional theory method (DFT) and the direct interaction of inhibitors with
the iron (Fe) metal surface was predicted using the multiple probability Monte Carlo simulations
(MC). Then, the examination of the solubility and the environmental toxicity was confirmed using a
chemical database modeling environment website. It was shown that the presence of substituents
containing heteroatoms able to release electrons consequently increased the electron density in the
lowest unoccupied and highest occupied molecular orbitals (LUMO and HOMO), which allowed a
good interaction between the inhibitors and the steel surface. The high values of EHOMO imply an
ability to donate electrons while the low values of ELUMO are related to the ability to accept electrons
thus allowing good adsorption of the inhibitor molecules on the steel surface. Molecular dynamics
simulations revealed that all sulfonamide molecules adsorb flat on the metal surface conforming
to the highly protective Fe (1 1 0) surface. The results obtained from the quantum chemistry and
molecular dynamics studies are consistent and reveal that the order of effectiveness of the sulfonamide
compounds is P7 > P5 > P6 > P1 > P2 > P3 > P4.

Keywords: sulfonamide derivatives; toxicity; solubility; DFT calculations; MC simulation

1. Introduction

Carbon steel is the largest class of alloys used in a variety of sectors such as industry
and construction [1–3]. Nowadays, the common practice for some processes, e.g., cleaning,
descaling, and pickling, is to use acidic solutions, as a result, the subsequent disintegra-
tion of metals is inescapable. Organic inhibitors are commonly applied to prevent the
degradation of these metals in corrosive environments. As the new directives concern-
ing industrial discharges are becoming more and more strict in eco-friendly terms, the
development of eco-compatible and biodegradable corrosion inhibitors is becoming an
important issue. In this context, we aim to investigate the corrosion inhibition behavior
of seven sulfonamide-based compounds. Sulfonamides, generally known as sulfa drugs,
are antimicrobial agents used to treat bacterial infectious diseases, they have low cost and
broad-spectrum antimicrobial activity and are directly soluble in the acidic medium due
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to their basic character [4]. Sulfonamide compounds have different functional adsorption
centers that may be –NH2, –SO2–NH– groups, O and N heteroatoms, and aromatic rings.
It has been reported that the most effective organic inhibitors are those bearing nitrogen
(N), sulfur (S), or oxygen (O) atoms in their structures [5,6]. The protective behavior of this
type of molecule is often associated with their physical and/or chemical adsorption on the
metal interface [7].

The expansion in computing power and the development of increasingly powerful
algorithms have contributed to the evolution of material modeling techniques at the atomic
scale. It is now possible to accurately characterize the properties of many materials by
applying methods based on the fundamental laws of quantum mechanics and electromag-
netism. The use of quantum chemical methods, in particular density functional theory
(DFT), allows a rapid and accurate determination of the electronic structure and various
molecular properties such as polarizability and excitation energy to evaluate the effective-
ness of inhibitors [8]. A lower energy gap (EHOMO–ELUMO) corresponds to a higher
molecular reactivity, which increases the degree of adsorption on the surface and, conse-
quently, the inhibition efficiency [9]. In addition, the determination of Fukui indices allows
the evaluation of the most active sites for nucleophilic and electrophilic attacks [10]. To
fully understand the molecule–metal interaction, a Monte Carlo simulation study of the
direct interaction of inhibitors with the iron (Fe) surface was performed. The inhibitor was
placed on the surface of Fe (1 1 0) to find a suitable configuration [11,12].

2. Materials and Methods
2.1. In Silico Methodologies for Ecological Noxiousness and Solubility of Sulfonamide
Derivative Inhibitors

The water solvency and toxicity of the investigated inhibitors (Figure 1) were assessed
utilizing a chemical database with the modeling environment website [13]. This approach
is to help the fundamental stages for quantitative structure activity relationship (QSAR)
modeling, a strategy used to assess toxicity across the physical attributes of molecular
structure design has a place with two subsystems: the fundamental phases of trial and the
modeling framework [14].

2.2. DFT Calculations

The DFT calculations were performed using the Gaussian 09 software package with
Beck’s 3–parameter hybrid exchange functional (B3) combined with Lee–Yang–Parr (B3LYP)
with 6-31G diffused and polarized (d,p) basis set of orbital [15]. The effect of solvent (water)
was included in all DFT computations using the integral equation formalism variant
of the polarizable continuum (IEFCPM). The quantum chemical descriptors have been
extracted from the following equations to predict the corrosion inhibition properties of the
investigated sulfonamide molecules [16].

∆Egap(eV) = ELUMO − EHOMO (1)

χ =
1
2
(EHOMO + ELUMO) (2)

η =
1
2
(EHOMO− ELUMO) (3)

σ =
1
η

(4)

∆N =
χFe − χinh

2[ηFe + ηinh]
(5)

where ∆Egap refers to energy gap, χ, η and σ are the absolute electronegativities and the
absolute hardness and softness, respectively, and finally, ∆N is the fraction of electron
transferred.
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Figure 1. Molecular structures, names, and abbreviations of studied inhibitors.

2.3. Monte Carlo Simulations

A 5 Å Fe (1 1 0) plate (surface unit cell (12 × 12)) was utilized to look at the adsorption
setups of the studied molecules on mild steel. A permeable layer (30 Å thick vacuum layer)
was added to the Fe (1 1 0) because it is the stable interface for iron. Then, to blend the
sulfonamide in with 100 water molecules [17]. The COMPASS force field [18] was utilized
to enhance the design of the entire system and to perform Monte Carlo reproductions
utilizing the Studio 7.0 adsorption confinement module [19].

3. Results
3.1. Eco-Friendly Noxiousness and Solvency of Sulfonamide Derivative Inhibitors

The solvency and impacts of poisonousness are displayed in Table 1, where Log
(IGC50) is the toxic effects of chemicals, determined by their concentration which gives
half (50%) inhibitory development of species (typically in water). This kind of toxicity is
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normally estimated in simple water species, for example, Daphnia magna or Tetrahymena
pyriformis [20]. Log P is like Log (Coctanol/Cwater), where the positive Log P value shows
the lipophilicity character of the examined molecule, and the negative value of this action
demonstrates higher solvency of the examined molecule in the watery medium [21]. Ac-
cording to our in silico results, all Log P values on all wheels are negative, so one might
say that these molecules have a decent dissolvability and great acridity. Table 1 shows that
the IGC50 values are lower than the concentration used to control the corrosion of carbon
steel in the watery medium. With these outcomes, these molecules can be ordered into
eco-friendly materials [22].

Table 1. Predicted Log values (IGC50) and Log-P at the online chemical information site.

Inhibitors Log (IGC50) in Log (mmol/L) Log P in Log (mol/L)

P1 0.72 −3.0
P2 0.36 −3.1
P3 0.62 −3.7
P4 0.59 −2.6
P5 0.61 −2.4
P6 0.54 −2.5
P7 0.24 −1.4

3.2. Quantum Chemical Calculations (Evaluative Study)

Quantum theoretical calculations help to explore the electronic structure of molecules
and provide a better understanding of the correlation between the molecular properties and
their subsequent inhibition capability [23]. Frontier molecular orbital energies affect the
inhibitor molecules’ adsorption to the metallic surface. The lowest and highest occupied
molecular orbital (LUMO and HOMO) define the electron-accepting and donating ability of
molecules. EHOMO frequently corresponds with the possible electron-donating properties
of the inhibitor. A high EHOMO value demonstrates a higher electron-donating ability of the
inhibitor to the vacant d-orbital of the mild steel. However, the ELUMO value corresponds
with the possible electron-accepting properties of the inhibitor. The low value of ELUMO
builds the electron take-up capability of the inhibitory molecule by the filled Fe orbital.
The energy gap ∆E is additionally used to portray the conduct of inhibitory adsorption
molecules on metal surfaces. A decrease in the value of ∆E implies a decrease in the
chemical reactivity of the inhibitor molecules which enhances the molecules’ adsorption
mechanism by the formation of a protective film [24,25]. According to the literature, if
the fraction of electron transferred value is less than (3.6), the inhibitor electron-donating
tendency is brought up [26,27]. Dipole moment is related to the molecule’s charge distribu-
tion and polarity. A high dipole moment value demonstrates a large interaction between
inhibitor molecules and the metal surface which leads to high inhibition efficiency [28]. The
computed molecular parameters EHOMO, ELUMO, and dipole moment (µ), and the other
calculated quantum chemical parameters were achieved for both aqueous (A) and gaseous
(G) neutral forms of inhibitors and their corresponding values are given in Table 2.

3.2.1. Quantum Chemical Parameters

An inspection of Table 2 reveals that all the inhibitors present high dipole moment
values which suggest that the sulfonamide molecules are polar, this allows bands to form
and leads to better adherence to the metal surface [29], also, all the molecules have ∆N
values in the average of 0.6 which explains the ability of this molecule to strongly interact
with the metal surface. A molecule with a lower value of ∆E has higher reactivity and
better adsorption to the steel surface, consequently, the inhibition efficiency order of the
sulfonamide molecules is P7 > P5 > P6 > P1 > P2 > P3 > P4.
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Table 2. Quantum chemical parameters for neutral sulfonamide molecules in the aqueous and
gaseous phase.

Parameter Phase P1 P2 P3 P4 P5 P6 P7

EHOMO (eV)
G −6.3094 −6.1404 −6.3407 −6.2196 −6.2133 −6.1793 −6.3777

A −6.0871 −6.0672 −6.0794 −6.0710 −6.0612 −6.0547 −6.3758

ELUMO (eV)
G −1.0006 −0.7717 −0.9323 −0.7481 −0.8858 −0.8858 −2.7481

A −1.0896 −0.8874 −0.8651 −0.8245 −1.2711 −1.1794 −2.7555

∆Egap (eV)
G 5.3088 5.3687 5.4084 5.4715 5.3276 5.2936 3.6295

A 4.9975 5.1798 5.2144 5.2465 4.7901 4.8753 3.6203

µ (D)
G 7.1957 4.6421 7.2462 8.3757 5.5911 4.8601 5.5137

A 9.5700 6.4420 9.8034 12.3497 8.0687 7.1703 5.7823

η (eV)
G 2.6544 2.6843 2.7042 2.7358 2.6638 2.6468 1.8148

A 2.4987 2.5899 2.6072 2.6232 2.3951 2.4377 1.8101

σ (eV−1)
G 0.3767 0.3725 0.3698 0.3655 0.3754 0.3778 0.5510

A 0.4002 0.3861 0.3836 0.3812 0.4175 0.4102 0.5524

χ (eV)
G 3.6550 3.4561 3.6365 3.4838 3.5495 3.5325 4.5629

A 3.5883 3.4773 3.4723 3.4478 3.6661 3.6170 4.5656

∆N
G 0.6301 0.6601 0.6219 0.6426 0.6477 0.6550 0.6715

A 0.6827 0.6801 0.6765 0.6771 0.6960 0.6939 0.6724

ω
G 2.5164 2.2248 2.4451 2.2182 2.3649 2.3573 5.7363

A 2.5765 2.3344 2.3122 2.2657 2.8059 2.6835 5.7578

ε
G 0.3974 0.4495 0.4090 0.4508 0.4228 0.4242 0.1743

A 0.3881 0.4284 0.4325 0.4414 0.3564 0.3726 0.1737

3.2.2. Optimized Structures and Density Distribution

Sulfonamides are the molecules that contain the S(=O)2–NH2–) sulfonamide functional
group. The electron density distribution of HOMO and LUMO is displayed in Figure 2,
which shows the HOMO orbitals are for the NH2 group and the phenyl ring of practically
all neutral sulfa drugs. The LUMO extends over the SO2 and into the NH2 side-chain
group which recommends that the inhibitor molecules could be adsorbed on the corroding
metal surface through the protonated amine function in acidic corrosive media by creating
bonds between the Fe (d-orbital) and the lone pairs of electrons (sp2) existing on the oxygen
and nitrogen atoms of both the heterocyclic rings and the sulfonamide group [30,31]. The
molecular sizes of P1, P2, P3, and P4 sulfa drugs are relatively small compared to P5,
P6, and P7. That may result in low surface coverage and consequently lead to a slight
diminution in the inhibition effect of these compounds.
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3.2.3. Fukui Functions

Fukui functions define the molecule’s sites where nucleophilic, electrophilic, and
radical attacks may occur. These local descriptors were calculated from natural populations
for each atom in neutral, anionic, and cationic forms using the following equations:

f 0 = Pk(N + 1)− Pk (N − 1) (6)

f+k = Pk(N + 1)− Pk (N ) (7)

f−k = Pk(N)− Pk (N − 1 ) (8)

where, Pk(N), Pk(N + 1), and Pk(N − 1) are, respectively, the natural populations in the
neutral, anionic, and cationic species for the atom k. Table 3 shows the Fukui functions of
sulfonamide investigated inhibitors. We notice that the highest values of the electrophilic
index f+k are localized on the atoms C1, C4, C5, N7 for the molecules P1, P2, and P3, on
the atoms C1, C4, N7 for the molecule P4 and P5, and on the atoms C1, C4, N8, N16, N17
for the molecule P6, and finally, on the atoms N11, N12 for the molecule P7. These sites
could be electron acceptors. The electrophilicity’s index f−k high values are shown on the
atom S13 for the molecule P1, on the atom C12 for the molecule P2, on the atom C3 for the
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molecule P3, on the atom C4 for the molecule P4, on the atoms C13, C14, N15, N16 for the
molecule P5, and on the atoms C14, C15 for the molecule P6, and finally, on the atoms N11
and N12 for the molecule P7. Consequently, these could donate electrons. The obtained
results elucidate that the considered sulfa drugs may highly adsorb on the steel surface.

Table 3. Fukui functions of sulfonamide investigated inhibitors.

Molecules Atoms P(N) P(N + 1) P(N − 1) f+
k f−k f0

k

P1

C1 −0.39000 −0.43077 −0.25203 0.13797 0.04077 0.17874

C4 −0.27935 −0.32756 −0.16711 0.11224 0.04821 0.16045

C5 −0.27637 −0.28465 −0.17584 0.10053 0.00828 0.10881

N7 −0.86354 −0.89131 −0.56385 0.29969 0.02777 0.32746

S13 0.62527 0.46206 0.63484 0.00957 0.16321 0.02777

P2

C1 −0.38341 −0.41526 −0.24402 0.13939 0.03185 0.17124

C4 −0.27974 −0.33061 −0.16397 0.11577 0.05087 0.16664

C5 −0.27662 −0.27662 −0.17605 0.10057 0.01162 0.11219

N7 −0.86377 −0.86377 −0.55903 0.30474 0.02484 0.32958

C12 0.42534 0.42534 0.42347 −0.00187 0.12431 0.12244

P3

C1 −0.38898 −0.45406 −0.24823 0.14075 0.06508 0.20583

C3 −0.19837 −0.37833 −0.19383 0.00454 0.17996 0.18450

C4 −0.27982 −0.37898 −0.16368 0.11614 0.09916 0.21530

C5 −0.27649 −0.29821 −0.17523 0.10126 0.02172 0.12298

N7 −0.86345 −0.90271 −0.55757 0.30588 0.03926 0.34514

P4

C1 −0.38787 −0.43648 −0.24895 0.13892 0.04861 0.18753

C4 −0.28166 −0.44493 −0.16724 0.11442 0.16327 0.27769

N7 −0.86593 −0.90138 −0.56718 0.29875 0.03545 0.33420

P5

C1 −0.38724 −0.38580 −0.24883 0.13841 −0.00144 0.13697

C4 −0.28047 −0.28265 −0.28047 0.11461 0.00218 0.11679

N7 −0.86496 −0.86840 −0.56459 0.30037 0.00344 0.30381

C13 −0.05441 −0.16647 −0.05736 0.00295 0.22088 0.22383

C14 −0.05758 −0.15882 0.06082 0.00324 0.21640 0.21964

N15 −0.52983 −0.67461 −0.52361 0.00622 0.14478 0.15100

N16 −0.52678 −0.67355 −0.52617 0.00061 0.14677 0.14738

P6

C1 −0.38602 −0.38569 −0.24778 0.13824 −0.00033 0.13791

C4 −0.28116 −0.28360 −0.16636 0.11480 0.00244 0.11724

N8 −0.86527 −0.86931 −0.56615 0.29912 0.00404 0.30316

C14 0.05800 −0.16854 0.06084 0.00284 0.22654 0.22938

C15 0.26740 0.08589 0.27070 0.00330 0.18151 0.18481

N16 −0.66657 −0.54195 −0.53561 0.13096 −0.12462 0.00634

N17 −0.68583 −0.53278 −0.53267 0.15316 −0.15305 0.00011

P7
N11 −0.17714 −0.35222 −0.17714 0.19310 0.17508 0.361818

N12 −0.21169 −0.35404 −0.21169 0.19792 0.14235 0.34027
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3.2.4. MCS Results

Monte Carlo simulation is a great method to explain the adsorption behavior of
inhibitors onto the surface of metals [32]. We have investigated the MCS of the tested
molecules on the iron surface. The stable configuration related to the low adsorption energy
value of the examined inhibitors P1, P2, P3, P4, P5, P6, and P7 molecules onto the surface
of iron is represented in Figure 3.

Table 4 shows the MC simulation parameters for all the studied molecules. As a
rule, the mechanism of protection of metal corrosion inhibitors is through the adsorption
process [33]. In this way, adsorption energy values can be a viable aspect for first-class
inhibitors [34]. The higher the negative adsorption energy proportion, the more steady and
solid the adsorption arrangement [35]. The energy values P1, P2, P3, P4, P5, P6, and P7 were
obtained by this simulation. Performance for the adsorption of the studied sulfonamide
derivatives on the outer layer of Fe (110) happens as follows: P7 > P5 > P6 > P1 > P2 > P3
> P4. This series matches with the series obtained by the DFT technique. Each inhibitor
examined was adsorbed at a parallel position on the Fe surface (110) to maximize the
contact surface and shield the carbon steel from the corrosion process [36]. The outcomes
show that the adsorption energy of the investigated molecules is higher than that of the
water molecules. This shows the capacity of water molecules on the outer layer of the
carbon steel surface with the arrangement of a steady layer that can protect the carbon steel
from corrosion in the aqueous corrosive media [37,38].

Table 4. MC simulation parameters (in kcal/mol).

Systems Adsorption Energy
Inhibitors

Adsorption Energy
Water

Fe(110)/P1/100H2O −1692.52 −16.92
Fe(110)/P2/100H2O −1694.91 −12.71
Fe(110)/P3/100H2O −1693.98 −13.71
Fe(110)/P4/100H2O −1711.78 −14.11
Fe(110)/P5/100H2O −1719.78 −10.97
Fe(110)/P6/100H2O −1698.35 −13.62
Fe(110)/P7/100H2O −1719.79 −16.43
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4. Inhibition Mechanism of NAR1

From the computational results of the sulfonamide inhibitors, the most probable
mechanism of adsorption of P7 can be described as shown in Figure 4. The P7 inhibitor
could be adsorbed on the mild steel by various interaction types. A chemical interaction
(chemisorption) can occur with the vacant d-orbital of Fe, such as the interaction with
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the oxygen, sulfur, and nitrogen atoms with the steel surface by sharing their lone-pair
electrons which make a strong bond that can protect the mild steel from the corrosion
process. In addition, a retro-donation interaction was shown between the ionized Fe atoms
on the surface and the π- electron of the aromatic ring. Furthermore, the parallel adsorption
of the P7 covered a large surface area explaining the formation of a protective film over the
steel surface and thus a higher inhibition performance.
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5. Conclusions

Relating to the in silico toxicity tests, the investigated inhibitors can be classified as eco-
friendly products. Theoretical density functional calculations and molecular Monte Carlo
simulations both confirm that the examined sulfa drug compounds might be considered
efficient as corrosion inhibitors in the aqueous medium. Fukui functions results confirm
that the studied inhibitors can share electrons with the iron’s vacant orbital via hetero
atoms (likely nitrogen, sulfur, and oxygen) and π electrons. The order of the inhibition
efficiency predictive order shown by DFT at B3LYP and Monte Carlo simulation is P7 > P5
> P6 > P1 > P2 > P3 > P4.

This study motivates researchers to develop and synthesize sulfonamide inhibitors
and test their efficiency in a different interface.
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