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orrosion inhibition properties of
N-{n-[1-R-5-(quinoxalin-6-yl)-4,5-dihydropyrazol-
3-yl]phenyl}methanesulfonamides on mild steel in
1 M HCl: experimental and theoretical studies†

Lukman O. Olasunkanmi,abc Ime B. Obotd and Eno E. Ebenso*ab

Six quinoxalinyl-dihydropyrazolyl-phenyl-methanesulfonamides were investigated for their adsorption

characteristics and inhibition of mild steel corrosion in 1 M HCl medium. Tafel polarization

measurements revealed that all the studied compounds are mixed-type inhibitors. Electrochemical

impedance spectroscopy showed that the compounds form a pseudo-capacitive protective film on mild

steel surface and protect the steel from direct acid attack. The inhibitors adsorb on mild steel in 1 M HCl

via competitive physisorption and chemisorption mechanisms and their adsorption obeyed the Langmuir

adsorption isotherm model. UV-vis spectra confirmed that the inhibitors interact with mild steel in

solution to form Fe-inhibitor complexes. Scanning electron microscope (SEM) images also confirmed the

protective efficacy of the studied compounds on mild steel in the acid. Quantum chemical calculations

and quantitative structure activity relationship (QSAR) studies proposed good correlations between

molecular quantum chemical descriptors and experimental inhibition efficiencies. Descriptors for

protonated species correlate better than those of neutral species. Adsorption of the studied molecules

was simulated on Fe(110) surface and the binding energies derived from molecular dynamics simulations

corroborate experimental results. Compounds in which the sulfonamido group is attached to position 3

on the phenyl ring showed higher corrosion inhibition activities.
1 Introduction

Corrosion of metals is still considered a foremost source of
economic and safety concerns to industries. This is in spite of
copious research progress that has been documented in corro-
sion science and technology.1 Corrosion tends to occur in
almost all aqueous environments,2 but the process is grievously
shaped up in more aggressive media such as those encountered
in oil and gas industries. Oil and gas processing and allied
activities such as pipeline cleaning, pipeline/acid descaling and
oil-well acidizing involve the use of mineral acids, most espe-
cially hydrochloric and sulfuric acids.3 Acid washing, matrix
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acidizing and fracture acidizing involve pumping of acid
(usually hydrochloric acid) into the well with the aim of
improving well productivity or injectivity.4,5 These unavoidable
production activities unfortunately expose the metal alloys that
make up the oil well and pipelines to acid corrosion.

An ample number of studies in corrosion science researches
focus on mild steel corrosion and prevention.6–15 The popularity
of mild steel in this regards is connected with its wide usage,
owing to its relatively highmechanical strength and low cost.6–10

As a type of carbon steel, mild steel also has advantages of ease
of fabrication, availability and weldability over many other
metal alloys.16,17 However, mild steel is highly susceptible to
corrosion in common aqueous environments, especially acidic
solutions.18,19 A comparative analysis of cost and efficiencies of
known corrosion control and prevention methods puts the use
of corrosion inhibitors at a rational edge.1 Apart from the fact
that many corrosion inhibitors can be synthesized from rela-
tively cheap materials,1 their utilization proffers a convenient
approach of repressing metal corrosion.20 Inhibitors can be
injected into production channels in situ without necessarily
disrupting the on-going production process.20,21 Many applica-
tions involve the use of corrosion inhibitors in conjunction with
other methods such as coating and cathodic protection to
achieve more enhanced protection efficiency.1
This journal is © The Royal Society of Chemistry 2016
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Oxidizing inhibitors such as chromates and nitrates were
popular in the earlier stage of corrosion inhibition studies. The
major drawbacks in using these materials include the
poisonous nature of chromates. In addition, the use of these
compounds below some critical concentrations can favour
localized corrosion and the resulting effects may be worse than
no inhibitor at all.22 Organic compounds that containp electron
systems and heteroatoms such as N, O, S and P have been re-
ported to exhibit good protection efficiencies. In a review on
promising novel corrosion inhibitors, Gece23 reported the
advantages of using drugs, chemical medicines or biologically
active compounds as corrosion inhibitors. The central benet of
using drug-like compounds as corrosion inhibitors is their fair
non-toxicity and less detrimental effects on the environment.23

Many drugs and biologically important compounds contain
quinoxalines24–29 and sulfonamides29–33 as essential units or
fragments. These compounds have been reported to exhibit
a wide spectrum of biological activities, including antitumor,
antiepileptic, antibiotic and anticancer activities.24–35 The
inhibitive effects of quinoxaline9,36–46 and sulfonamide47–50

derivatives on metal corrosion have also been established. The
inhibition potentials of organic compounds mainly depend on
their ability to adsorb on metallic surfaces and form protective
lms. The modes of adsorption and corrosion inhibition
potentials are inuenced by many factors, which include the
electronic structure, steric hindrance, p-electron network, and
electron density at donor/acceptor sites of the inhibitor. For this
reason, investigations of the mode of adsorption and corrosion
inhibition properties of new organic compounds that are
promising corrosion inhibitors appear to be a continuous and
dynamic area of research.

In the present study, six quinoxalinyl-dihydropyrazolyl-phenyl-
methanesulfonamides (Fig. 1) namely, N-(2-(1-propanoyl-5-(qui-
noxalin-6-yl)-4,5-dihydro-1H-pyrazol-3-yl)phenyl)methanesulfona-
Fig. 1 2D molecular structures of the studied compounds.

This journal is © The Royal Society of Chemistry 2016
mide (MS-2-PQPP), N-(3-(1-propanoyl-5-(quinoxalin-6-yl)-4,5-
dihydro-1H-pyrazol-3-yl)phenyl)methanesulfonamide (MS-3-
PQPP), N-(4-(1-propanoyl-5-(quinoxalin-6-yl)-4,5-dihydro-
pyrazol-3-yl)phenyl)methanesulfonamide (MS-4-PQPP), N-(2-(1-
(methanesulfonyl)-5-(quinoxalin-6-yl)-4,5-dihydro-1H-pyrazol-3-
yl)phenyl)methanesulfonamide (MS-2-PQPMS), N-{3-[1-(methyl-
sulfonyl)-5-(quinoxalin-6-yl)-4,5-dihydro-1H-pyrazol-3-yl]phenyl}
methanesulfonamide (MS-3-PQPMS), and N-(4-(1-(meth-
anelsulfonyl)-5-(quinoxalin-6-yl)-4,5-dihydro-1H-pyrazol-3-yl)
phenyl)methanesulfonamide (MS-4-PQPMS) were investigated
for their adsorption and corrosion inhibition properties on
mild steel in 1 M HCl solution. The selection of these
compounds as potential corrosion inhibitors in this study is
premised on their drug-likeness, low toxicity,23 and the presence
of moieties (quinoxaline and sulfonamide) with proven metal
protection abilities.36–50 The quinoxaline derivatives were
divided into two groups (MS-n-PQPP and MS-n-PQPMS groups
(n ¼ 2, 3, 4)) based on some levels of similarity and specic
variation in their molecular structure and substituent func-
tional groups. Experimental electrochemical studies were
carried out using Tafel polarization and electrochemical
impedance spectroscopy (EIS) techniques. Ultraviolet-visible
(UV-vis) spectroscopic technique was used to substantiate
metal–inhibitor interactions. Scanning electron microscopic
images of the surfaces of mild steel specimens immersed in the
(non)inhibitior-containing acid solutions were taken and re-
ported. Theoretical quantum chemical calculations and
molecular dynamic simulation studies were carried out on the
studied molecules to corroborate experimental results.

It is important to mention that the compounds studied in
this work are being considered as corrosion inhibitors for the
rst time. More so, works that employ this kind of detailed
theoretical studies presented in the present work to support
experimentations are scanty. To the best of our knowledge this
RSC Adv., 2016, 6, 86782–86797 | 86783
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is also the rst time proton affinity (PA) of organic compounds
is being proven as a substantial quantum chemical descriptor in
the formulation of quantitative structure activity relationship
(QSAR) empirical equations for corrosion inhibitors.

2 Experimental details
2.1 Mild steel specimens

The elemental compositions (in weight percent) of the mild
steel sheets used for the corrosion tests are carbon (0.17%),
manganese (0.46%), silicon (0.26%), sulfur (0.017%), phos-
phorus (0.019%), and balance Fe. For the purpose of electro-
chemical studies, mild steel sheets were cut into 1 cm � 1 cm
dimension, glued to a connecting wire using aluminium foil
tape, and embedded in a silico-rubber mould with the aid of
epoxy resin. The fabricated mild steel utilized as the working
electrode (WE) has an exposed area of 1 cm2, necessary to
ensure uniform contact area for electrochemical reactions.

The surface of the mild steel WE was mechanically abraded
on Struers MD Piano 220 (size: 200 dia.) mounted on a Struers
LaboPol-1 machine to remove traces of epoxy resin from the
surface. The mild steel surface was ground with SiC paper of
graded grit sizes ranging from 600 to 1200 to obtain a polished
surface free of pre-experimental corrosion products. The
surface was then washed with water, degreased in acetone,
washed with distilled water again, before nally dried with
clean white towel paper. All electrochemical experiments were
carried out using a freshly surface pre-treated mild steel WE.

2.2 Aggressive electrolyte solutions

Hydrochloric acid of 32% assay was commercially obtained
from Promark chemicals, South Africa, and diluted with
distilled water to prepare the 1 MHCl solution (pH¼ 0) used for
the experiments. The quinoxaline derivatives were obtained
from Vitas-M Laboratory, Ltd., Apeldoorn the Netherlands; Life
Chemicals Inc., Munich, Germany; Enamine Ltd., New Jersey,
United States of America, and ChemBridge Corporation, San
Diego, United States of America and used without further
purications. Concentrations of the inhibitor solutions used for
the experiments range from 5 to 100 ppm.

2.3 Electrochemical measurements

All electrochemical measurements were carried out on the
Autolab PGSTAT 302N equipped with a three-electrode electro-
chemical cell system comprising Ag/AgCl in 3 M KCl as the
reference electrode (RE), platinum rod as the counter electrode
(CE), and mild steel WE. The Autolab PGSTAT 302N equipment
was driven by the Nova 1.10.1.9 soware. The adopted steps for
the electrochemical set-up and measurements have been
successfully utilized in previous work.7,17,45,51–54 A period of 30
min was allowed for the electrochemical system to reach the
steady open circuit potential (OCP) or corrosion potential (Ecorr)
aer immersion of the WE before each electrochemical
perturbation. This period was considered sufficient for OCP
stabilization for an electrochemical system consisting of mild
steel in acidic medium.45,52–62
86784 | RSC Adv., 2016, 6, 86782–86797
Tafel polarization curves were obtained by sweeping the
potential up to �100 mV63,64 with respect to the Ecorr at the scan
rate of 1 mV s�1.64–67 The EIS measurements were conducted at
the Ecorr by passing AC-signals through the electrochemical
system and analyzing the frequency response between 100 kHz
and 100 MHz at 5 mV peak-to-peak amplitude.53 All electro-
chemical experiments were conducted under aerated unstirred
conditions at 303 K.

Corrosion inhibition efficiency (% IEP) was calculated from
the Tafel polarization measurements as:45,55,59,60,68–71

% IEP ¼ 100

�
i0corr � icorr

i0corr

�
(1)

where i0corr and icorr are corrosion current densities without and
with various concentrations of inhibitors respectively. Corro-
sion inhibition efficiency (% IEI) was estimated from the EIS
measurements using the equation:45,55,56,59,60,68–71

% IEI ¼ 100

�
Rct � R0

ct

Rct

�
(2)

where Rcorr and R0
corr are the charge transfer resistances with

and without various concentrations of inhibitors respectively.
The surface coverage (q) is related to the percentage inhibition
efficiency (% IE) as:72

q ¼ % IE

100
(3)

2.4 UV-vis spectroscopic studies

The UV-vis spectroscopic technique is oen used in corrosion
inhibition studies to inform the formation inhibitor–metal
complex.54,55,73,74 In order to conrm possible formation of
inhibitor–Fe complexes, UV-vis absorption spectra of 1 M HCl
solutions containing 100 ppm of each quinoxaline derivative
were recorded before and aer 3 h of mild steel immersion.

2.5 Surface morphology studies

Mild steel specimens with freshly pre-treated surface were
immersed in 1 M HCl solutions without and with 100 ppm of
the studied compounds. The specimens were retrieved aer 3 h
and the surfaces were examined using the quanta FEG 250
environmental scanning electron microscope (ESEM) equip-
ment obtained from IMP Scientic & Precision (PTY) Ltd.
Boksburg, Gauteng, South Africa.

2.6 Quantum chemical calculations

Geometry optimizations and vibrational frequency calculations
were carried out on the neutral and singly protonated forms of
the studied quinoxaline derivatives. Geometry optimizations
were performed without symmetry constraint using the density
functional theory (DFT) method. Hybrid functional, B3LYP
comprising the Becke’s three parameter exchange functional75

and Lee–Yang–Parr correlation functional76,77 was used in
conjunction with 6-31G(d) basis set for all the calculations. The
B3LYP functional has been widely used in literature in
This journal is © The Royal Society of Chemistry 2016
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conjunction with different Pople’s basis sets to produce satis-
factory geometries at relatively less computational cost.78–81 All
the possible sites of protonation were considered for the singly
protonated species in order to identify the most favourable site
of protonation. The reason for considering the protonated
species is premised on the possibility of these compounds to
undergo protonation in acidic medium such that the proton-
ated species could take part in the corrosion inhibition process.
Optimized structures were conrmed to correspond to true
energy minima conformers by the absence of imaginary vibra-
tional frequencies. All the calculations were carried out in the
gas phase with the aid of Gaussian 09W (revised version D.01)
soware.82

The frontier molecular orbital (FMO) energy parameters
including energy of the highest occupied molecular orbital
(EHOMO) and energy of the lowest unoccupied molecular orbital
(ELUMO) were obtained for both the neutral and protonated
forms of the inhibitor molecules. Other relevant parameters
such absolute hardness, h and absolute electronegativity, cwere
calculated using the respective equations:83,84

h ¼ 1

2
ðELUMO � EHOMOÞ (4)

c ¼ �1

2
ðEHOMO þ ELUMOÞ (5)

The fraction of electrons transferred (DN) from the inhibitor
(donating) molecule to the metallic (Fe) atom (acceptor) was
calculated according to the equation:85

DN ¼ cFe � cinh

2ðhFe þ hinhÞ
(6)

where cFe and hinh denote the electronegativity and hardness of
iron and inhibitor, respectively. A value of 7 eV mol�1 was used
for cFe, while hFe was equated to 0 eV mol�1 for bulk Fe atom in
line with the Pearson’s electronegativity scale.86
Fig. 2 Tafel plots for mild steel in 1 M HCl without and with various
concentrations of (a) MS-2-PQPP, and (b) MS-2-PQPMS, as repre-
sentative Tafel plots for the studied compounds.
2.7 Molecular dynamics (MD) simulations

Molecular dynamic (MD) simulations were carried out to model
the adsorption behaviour of the studied inhibitors on iron (Fe)
surface. The simulations were used to compute the binding or
interaction energies of the lowest conguration interactions
between the inhibitor molecules and clean iron surface. The
simulations were carried out by using the forcite module in the
Material Studio soware 7.0 from BIOVIA-Accelrys, USA. The Fe
was cleaved along (110) plane and a slab of 5 Å was employed.
The Fe(110) surface was used for the simulations because it
provides an adequate representation of the Fe surface with
sufficient stability andmoderate atom density.41,87,88 The Fe(110)
plane has been successfully applied in the literature to describe
the interactions between inhibitor molecules and the Fe
surface.41,45,87–94 The Fe(110) plane was enlarged to a (10 � 10)
super cell to provide a large surface for the interaction of the
inhibitors. A vacuum slab with 30 Å thickness was built above
the Fe(110) plane. The simulations were performed in NVT
This journal is © The Royal Society of Chemistry 2016
canonical ensemble at 298 K with a time step of 1.0 fs and a total
simulation time of 500 ps using an Anderson thermostat.

The condensed-phase optimized molecular potentials for
atomistic simulation studies (COMPASS) force eld was used to
optimize the structures of all components of the system of
interest. The COMPASS force eld is an ab initio force eld that
enables accurate and simultaneous predictions of gas-phase
properties (structural, conformational, vibrational, etc.) and
condensed-phase (equation of state, cohesive energies, inter-
action energies, etc.) for a broad range of organic molecules,
inorganic molecules and metals.95–99

The interaction energy (Eint) of molecules with Fe surface was
obtained using the equation:

Eint ¼ Etotal � (Esurface + Emolecule) (7)

where Etotal is the total energy of the molecules and the metal
surface system; Esurface is the energy of the metal surface
without adsorption of molecules, and Emolecule is the energy of
the isolated inhibitor molecule. The binding energy (Ebinding) is
the negative of the interaction energy (i.e. Ebinding ¼ �Eint).
3 Results and discussion
3.1 Electrochemical studies

3.1.1 Tafel plots. Tafel polarization curves were obtained
for mild steel in 1 M HCl without and with various concentra-
tions of the studied inhibitors and the results are presented in
RSC Adv., 2016, 6, 86782–86797 | 86785
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Fig. 2 for MS-2-PQPP and MS-2-PQPMS. Similar curves were
obtained for the other compounds (Fig. S1†). For all the six
compounds tested as inhibitors, the curves shi towards lower
current density region in the presence of the inhibitors
compared to the blank acid medium. This suggests that the
studied compounds reduce the corrosion current and therefore
reduce the corrosion rate. The polarization curves also exhibit
some shis in potential towards more anodic or cathodic
regions relative to the acid blank. The direction of the shi is
Table 1 Tafel parameters and percentage inhibition efficiency for the co

Compound Conc./ppm �Ecorr/mV

Blank — 460.60

MS-2-PQPP 5 475.46
10 473.01
20 464.90
40 463.73
60 463.72
80 468.43

100 455.35

MS-3-PQPP 5 463.98
10 457.67
20 461.61
40 456.72
60 446.76
80 445.78

100 440.36

MS-4-PQPP 5 465.03
10 463.62
20 462.93
40 457.26
60 457.30
80 436.70

100 446.57

MS-2-PQPMS 5 465.56
10 467.08
20 461.70
40 459.43
60 452.64
80 453.96

100 453.77

MS-3-PQPMS 5 460.43
10 455.11
20 451.55
40 463.79
60 443.09
80 459.91

100 454.09

MS-4-PQPMS 5 456.99
10 458.81
20 454.72
40 455.70
60 447.36
80 454.99

100 450.79

86786 | RSC Adv., 2016, 6, 86782–86797
not uniform as it varies with concentrations of the inhibitors.
This suggests that the inhibitors affect both the anodic and
cathodic corrosion reactions.

Kinetic parameters for the corrosion reactions in the absence
and presence of different concentrations of the inhibitors were
obtained from the Tafel plots by extrapolating the linear Tafel
regions to the corrosion potential. The results obtained via Tafel
extrapolations are listed in Table 1. The observed shi in Ecorr of
the inhibitor containing system relative to the blank is generally
rrosion of MS in 1 M HCl without and with inhibitors

icorr/mA
cm�2 ba/mV dec�1

bc/mV
dec�1 % IEP

420.41 89.34 65.27 —

318.55 93.84 77.90 24.19
251.66 88.54 75.81 40.11
137.89 96.81 59.76 67.20
95.73 101.36 76.51 77.22
70.20 102.01 76.58 83.29
50.11 105.91 81.71 88.08
51.34 116.70 71.85 87.78

142.63 97.59 73.44 66.06
62.37 97.00 67.40 85.16
54.87 91.42 74.03 86.94
55.71 111.01 71.14 86.74
40.69 112.77 70.54 90.32
42.57 126.68 70.87 89.87
41.35 137.58 68.03 90.16

148.12 130.50 95.46 64.75
120.81 114.64 84.47 71.25
98.12 121.64 83.28 76.65
70.76 110.17 71.31 83.16
50.36 99.82 67.95 88.02
46.39 130.28 71.25 88.96
41.50 122.28 68.82 90.12

89.66 94.52 73.95 78.66
64.91 96.26 74.48 84.55
59.02 106.98 76.13 85.96
42.86 98.11 75.83 89.80
42.62 111.11 74.89 89.86
45.89 120.66 77.68 89.08
45.36 114.33 74.23 89.20

69.86 97.47 70.14 83.38
55.91 96.89 62.17 86.70
62.18 111.60 74.69 86.23
61.68 115.64 95.61 85.32
42.83 115.71 67.38 89.81
48.15 111.61 91.19 88.54
41.20 109.76 84.44 90.20

131.53 96.36 71.75 68.70
70.27 104.07 67.77 83.28
69.87 109.05 71.62 83.37
44.17 104.41 75.84 89.49
45.38 115.74 70.34 89.20
45.19 110.94 73.80 89.25
38.47 115.60 72.06 90.84

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Nyquist (a) and Bode (b) plots for mild steel in 1 M HCl without
and with various concentrations of MS-2-PQPP as representative
impedance spectra of the studied compounds; (c) equivalent circuit
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less than 85 mV for all the studied compounds. This suggests
that the studied compounds might be mixed-type inhibi-
tors.55,65,100–102 In other words, the compounds inhibit both the
anodic (mild steel dissolution) reaction and the cathodic reac-
tions. The cathodic reactions in this case may include hydrogen
gas evolution (i.e. 2H+ + 2e� / H2O) and oxygen reduction (i.e.
4H+ + O2 + 4e� / 2H2O), since the experiment was conducted
in aerated acidic solution. However, the oxygen reduction may
not be prominent under the prevailing experimental conditions
because it has been reported that the effect of dissolved oxygen
on iron corrosion in acid is only more signicant at pH greater
than 4.103 Besides, the variation in the Ecorr seems negligible
with the maximum shi of about �17 mV. This observation
suggests that the addition of the studied inhibitors does not (or
only weakly) perturb the mild steel electrode surface.104 Such
a small shi in the Ecorr has also been attributed to the
geometric blocking of the active sites on the steel surface by the
inhibitor molecules.105,106

The values of the Tafel slopes, ba and bc vary slightly with
concentrations of the inhibitors, but without a simple denite
pattern. However, the values of ba and bc in the presence of the
inhibitors are generally higher than those of the blank. The
variation in the values of the Tafel slopes with change in the
concentration of the inhibitors also seems more apparent for ba
than bc. These observations suggest the formation of some
inhibitor complexes of Fe in the low and higher oxidation states
on the mild steel electrode surface.9,107 This is suggestive of
more inhibitive actions of the compounds on the anodic reac-
tion than the cathodic one.

The corrosion current density, icorr decreases with increase
in concentration of the inhibitors leading to increase in inhi-
bition efficiency (% IEP). The % IEP of MS-2-PQPP increases
from 24.19% at 5 ppm up to 88.08% at 80 ppm. Further increase
in concentration does not show any signicant effect on inhi-
bition efficiency. The trend of the inhibition performance of
MS-3-PQPP is such that there is an apparent increase in inhi-
bition efficiency as the concentration of the inhibitor increases
from 5 to 10 ppm. The values of the % IEP at 20 and 40 ppm are
nearly the same. A maximum value of 90.32% was obtained at
60 ppm aer which further increase in concentration does not
seem to have noticeable effect on protection efficiency. The %
IEP of MS-4-PQPP increases continuously as the concentration
increases from 5 to 100 ppm. Similar trends were obtained for
MS-2-PQPMS, MS-3-PQPMS and MS-4-PQPMS.

The increase in inhibition efficiency with increasing
concentration may be attributed to increase in the number of
adsorbed molecules of the inhibitor on the steel surface. The
number of molecules that adsorb on the active sites on the steel
surface increase with increasing concentration of the inhibitor,
leading to an increase in surface coverage, and consequently,
increase in inhibition efficiency. It is difficult to establish
a simple trend for the protection efficiencies of the compounds
but the overall performance based on the average values of %
IEP within the concentration range considered in this work is
MS-3-PQPP > MS-4-PQPP > MS-2-PQPP; and MS-3-PQPMS > MS-
2-PQPMS > MS-4-PQPMS.
This journal is © The Royal Society of Chemistry 2016
3.1.2 EIS measurements. Nyquist and Bode plots were ob-
tained for mild steel in 1 M HCl in the absence and presence of
various concentrations of the studied inhibitors. Representative
plots are shown in Fig. 3 for MS-2-PQPP. Similar proles were
obtained for other compounds (Fig. S2 and S3†). The EIS spectra
show similar behaviour in the absence and presence of the
inhibitors, which suggests that the inhibition of steel corrosion
in the acid by the studied compounds does not alter the
mechanism of the corrosion process.3,52,108

The Nyquist plots show single depressed semicircles corre-
sponding to one time-constant in the Bode plots. The depres-
sion of a Nyquist semicircle is attributed to frequency
dispersion effects that may result from roughness of the elec-
trode surface and/or other forms of interfacial phenomena.109,110

The depressed one time-constant semicircular Nyquist proles
show capacitive behaviour at low frequencies, which suggests
that the corrosion of mild steel in the studied media is
controlled by a charge transfer process. The diameters of the
Nyquist semicircles in the presence of the inhibitors are
generally larger than that of the uninhibited system. This
for the EIS spectra.

RSC Adv., 2016, 6, 86782–86797 | 86787
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implies the mild steel/electrolyte systems exhibit higher
impedance to ow of charges in the presence of the inhibitors.
This is indicative of the inhibitive effect of the studied
compounds.

The EIS spectra were tted to the equivalent circuit model of
the form in Fig. 3c. The values of electrochemical parameters
obtained from the EIS spectra are presented in Table 2. The Rct

values are higher for the inhibitor-containing systems than the
blank, which implies that the resistance of the steel/electrolyte
Table 2 EIS parameters for the corrosion of mild steel in 1 M HCl witho

Compound Conc./ppm Rs/U cm2 Rct/U cm2

Blank — 1.01 28.20

MS-2-PQPP 5 2.65 42.6
10 2.67 54.6
20 1.51 86.8
40 3.64 190
60 2.76 255
80 2.89 337
100 2.93 332

MS-3-PQPP 5 3.04 125
10 2.66 259
20 3.18 302
40 3.48 304
60 3.06 431
80 2.99 428
100 2.17 459

MS-4-PQPP 5 19.60 134
10 14.60 161
20 17.30 196
40 7.35 255
60 2.14 325
80 2.96 431
100 2.91 436

MS-2-PQPMS 5 3.17 178.00
10 2.54 234.00
20 3.48 282.00
40 2.28 365.00
60 2.43 378.00
80 2.33 420.00
100 2.80 384.00

MS-3-PQPMS 5 2.26 229.00
10 3.07 247.00
20 2.18 293.00
40 3.20 401.00
60 2.85 395.00
80 2.51 409.00
100 2.52 425.00

MS-4-PQPMS 5 2.96 91.39
10 1.98 214.00
20 2.74 256.00
40 2.38 387.00
60 2.59 393.00
80 2.68 398.00
100 2.41 468.00

86788 | RSC Adv., 2016, 6, 86782–86797
systems to the charge transfer process is enhanced by the
inhibitor molecules. These observations are attributable to the
formation of a protective lm of the inhibitor molecules on the
steel surface. The protective lm of the inhibitor reduces direct
contact of the steel with the aggressive acid solution. All the
studied compounds show appreciable values of % IEI, which are
comparable to results obtained from the Tafel polarization
measurements. A maximum value of % IEI is attained at certain
concentration for each compound. Similar observations were
ut and with various concentrations of the inhibitors

Y0/mS
sn cm�2 n |q|/� |S| % IEI

157 0.893 60.59 0.64 —

124 0.886 54.68 0.66 34.04
124 0.880 57.12 0.70 48.53
110.0 0.873 64.52 0.72 67.51
71.9 0.877 64.45 0.78 85.21
61.6 0.869 67.45 0.79 88.98
67.6 0.848 67.08 0.79 91.66
69.9 0.847 67.12 0.79 91.54

78.8 0.878 63.10 0.76 77.52
62.1 0.883 68.90 0.82 89.15
54.2 0.891 69.24 0.83 90.70
58.4 0.868 67.27 0.80 90.76
59.1 0.862 69.38 0.82 93.48
57.1 0.855 68.86 0.81 93.44
57.5 0.867 71.74 0.84 93.88

77.7 0.878 42.60 0.53 79.03
70.3 0.887 49.44 0.61 82.55
63.1 0.879 49.24 0.60 85.66
61.8 0.888 61.75 0.76 88.98
57.5 0.884 71.42 0.84 91.35
68.8 0.863 69.41 0.82 93.48
66.0 0.861 69.86 0.83 93.56

71.98 0.874 65.00 0.77 84.21
80.85 0.856 66.83 0.78 87.99
66.75 0.854 65.80 0.78 90.04
61.56 0.874 70.86 0.83 92.30
57.82 0.868 61.08 0.76 92.57
60.00 0.854 69.91 0.81 93.30
64.90 0.861 69.37 0.82 92.68

63.24 0.876 66.96 0.79 87.73
71.63 0.864 52.03 0.64 88.62
61.80 0.869 57.24 0.72 90.41
54.66 0.875 54.42 0.67 92.99
55.67 0.873 70.17 0.83 92.89
67.47 0.855 69.67 0.82 93.13
64.50 0.857 69.91 0.82 93.39

92.84 0.895 61.79 0.75 69.25
67.38 0.869 68.82 0.79 86.87
68.93 0.872 67.70 0.80 89.02
50.28 0.885 71.81 0.84 92.74
56.88 0.872 70.41 0.82 92.85
61.72 0.876 70.81 0.83 92.94
59.06 0.869 71.39 0.84 94.00

This journal is © The Royal Society of Chemistry 2016
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Table 3 Thermodynamic parameters for the adsorption of the studied
compounds on mild steel in 1 M HCl at 303.15 K

Inhibitor Kads (�103)
�DGads (kJ
mol�1)

Fig. 4 Langmuir adsorption isotherms for MS-2-PQPP onmild steel in
1 M HCl (surface coverage data were taken from the EIS
measurements).
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recorded from the polarization experiments (vide supra Section
3.1.1). The lower values of the constant phase element (CPE), Y0
in the presence of the inhibitors compared to the blank indicate
that the inhibitor molecules adsorbed on the steel surface to
form a protective layer. The values of the CPE exponent, n are
close to unity, indicating the pseudo-capacitive characteristics
of the electrode/electrolyte systems. The values of n are also
indicative of the degree of heterogeneity of the electrode
surface. The slightly lower values of n for the inhibited systems
compared to the blank suggest that the steel surface is relatively
more heterogeneous, which may be due to non-uniform
adsorption of the inhibitor molecules on the steel surface.

The magnitudes of the maximum phase angle, |q| and slope
of the linear portion of the Bode impedance modulus (at
intermediate frequencies), |S| are also listed in Table 2. The
results show that |q| is closer to 90�, while |S| is closer to 1 at
higher concentrations of the inhibitors compared to the blank
system. This suggests that the electrode/electrolyte interface
behaves closer to an ideal capacitor at higher concentrations of
the inhibitors. This also implies that the inhibitor molecules
adsorbed on the steel surface to form a pseudo-capacitive
protective lm.
MS-2-PQPP 44.15 37.08
MS-3-PQPP 397.80 42.62
MS-4-PQPP 226.20 41.20
MS-2-PQPMS 692.90 44.02
MS-3-PQPMS 791.10 44.35
MS-4-PQPMS 311.69 42.01
3.2 Adsorption isotherms

Corrosion inhibition by organic molecules usually results from
the adsorption of the inhibitor molecules on the metallic
surface. Molecules of inhibitor tend to displace water molecules
from the surface of the metal in a reversible process of the
form:45

Inh(sol) + xH2O(ads) # Inh(ads) + xH2O(sol) (8)

where, x is the number of water molecules displaced by one
molecule of organic inhibitor (Inh). The adsorption behavior of
the studied compounds was investigated by subjecting the
experimental data into various adsorption isotherm models
including Langmuir, Temkin and Freundlich isotherms. The
data were observed to exhibit the best ts with the Langmuir
adsorption isotherm model of the form:45

Cinh

q
¼ 1

Kads

þ Cinh (9)

where Cinh is the concentration of the inhibitor, Kads is the
equilibrium adsorption constant, and q is the surface coverage
(q ¼ % IEI/100).

Representative isotherm plots are shown in Fig. 4 for MS-2-
PQPP and MS-2-PQPMS. The isotherm plots for other
compounds (Fig. S4†) are also similar. The correlation coeffi-
cient (R2) values of the plots are unity (1.000), while the slopes of
the plots are near unity, i.e. 0.98 (MS-2-PQPP), 1.06 (MS-3-
PQPP), 1.05 (MS-4-PQPP), 1.07 (MS-2-PQPMS), 1.07 (MS-3-
PQPMS) and 1.05 (MS-4-PQPMS). These observations infer the
conformity of the data to the linearized Langmuir adsorption
isotherm. The values of Kads and DGads are listed in Table 3. The
high values of Kads obtained for the studied compounds imply
that the displacement of water molecules from the steel surface
by the inhibitor molecules, and consequently the adsorption of
This journal is © The Royal Society of Chemistry 2016
the inhibitor molecules on the steel surface is a favourable
process, and the compounds adsorb strongly on the steel
surface. The negative values of DGads also suggest spontaneous
adsorption of the inhibitor molecules on the steel surface. It can
be inferred from the range of values of DGads in Table 3 that the
mode of adsorption of MS-2-PQPP involves competitive phys-
isorption and chemisorption, while the remainder of the
compounds adsorb mainly via charge sharing (chemisorption).
The trend of the values of Kads and DGads is such that MS-3-
PQPP > MS-4-PQPP > MS-2-PQPP, and MS-3-PQPMS > MS-2-
PQPMS > MS-4-PQPMS, which is the same as the relative
order of the % IE.

3.3 UV-vis spectroscopic analyses

UV-vis spectroscopic analyses were carried out on the solutions
of the studied inhibitor molecules and the resulting solutions
aer mild steel immersion for 3 h and the spectra are shown in
Fig. 5. The absorption bands at 200–201 nm in the UV-vis
spectra of MS-2-PQPP, MS-3-PQPP and MS-4-PQPP are due to
n/ p* transition. MS-2-PQPP also shows a shoulder-like band
of lower absorbance at 219 nm, while MS-3-PQPP and MS-4-
PQPP both show absorption bands at 239 and 300–301 nm
due to p/ p* transitions and intra-molecular charge transfers
(ICT) respectively. MS-2-PQPMS and MS-3-PQPMS show
multiple absorption bands at 208–209, 240, 273 and 327–329
nm, which are due to n / p*, p / p* transitions, and intra-
molecular charge transfers (ICT). MS-4-PQPMS shows bands at
RSC Adv., 2016, 6, 86782–86797 | 86789
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Fig. 5 UV-vis spectra of acidic solutions of studied inhibitors (a) before, and (b) after mild steel immersion.
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206, 242 and 285 nm, which can also be attributed to n/ p*, p
/ p* transitions, and intramolecular charge transfers (ICT)
respectively.

Aer mild steel immersion, MS-2-PQPP shows a new band at
336 nm and the absorbances are generally higher compared to
prior mild steel immersion. The major difference in the UV-vis
spectra of the solutions of MS-3-PQPP and MS-4-PQPP aer
mild steel immersion is the increase in absorbance of the bands
at 200–201 nm. MS-2-PQPMS shows an additional band at 230
nm, while the band at 240 nm is red-shied to 244 nm, and
those at 273 and 327 nm are blue-shied to 271 and 323 nm,
respectively. For MS-3-PQPMS, the bands at 208 and 329 nm
shied to longer wavelengths, appearing at 211 and 332 nm,
respectively, while that at 273 nm broadens to a shoulder-like
band. The band at 206 nm in the UV-vis spectrum of MS-4-
PQPMS red-shied to 210 nm aer steel immersion. The
changes in the spectra features aer mild steel immersion can
be attributed to interactions between Fe and the inhibitor
molecules and possible formation of Fe–inhibitor complexes.
86790 | RSC Adv., 2016, 6, 86782–86797
3.4 Surface morphology

Scanning electron microscopy (SEM) images of mild steel
surfaces immersed in 1 M HCl without and with 100 ppm of the
studied inhibitors are shown in Fig. 6. The surface of mild steel
immersed in 1 M HCl without the inhibitors exhibit highly
eroded and damaged features due to unprotected exposure to
corrosive ions in the aggressive medium. Mild steel specimens
retrieved from the inhibitor-containing solutions show rela-
tively smooth surface. The noticeable roughness on these
specimens is mainly due to the polishing scratches introduced
to the surface during mechanical abrasion. This again is an
indication that the studied compounds adsorb as protective
lm on mild steel surface and prevent it from direct attack by
aggressive ions in the corrosive environment.
3.5 Quantum chemical studies

3.5.1 Electron density distributions. The optimized struc-
tures the neutral molecules of the studied compounds are
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 SEM images of mild steel in 1 M HCl (a & e) without inhibitors, and with 100 ppm of (b) MS-2-PQPP, (c) MS-3-PQPP, (d) MS-4-PQPP, (f)
MS-2-PQPMS, (g) MS-3-PQPMS and (h) MS-4-PQPMS (image size: 50 mm (a–d); 20 mm (e–h)).
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shown in Fig. 7, while the corresponding electron density iso-
surfaces of the HOMO and LUMO are shown in Fig. 8.

The HOMOs of all the molecules comprise both p- and s-
type orbitals, but are essentially dominated by p-type molecular
orbitals. The HOMO electron density is distributed over the
entire pyrazole and phenyl rings. In the MS-n-PQPP series, the
N-atom of the methanesulfonamido group (attached to the
phenyl ring) and the O-atom of the carbonyl functional group in
each case are also involved in the HOMO electron density
distributions. In the case of MS-n-PQPMS compounds, the
HOMO is extended to the N-atom of the methanesulfonamido
group (attached to the phenyl ring) and O-atoms of the meth-
anesulfonamido group (attached to the pyrazole ring). This
suggests that the interactions of the studied molecules with
mild steel via p-electron donation to the vacant d-orbitals of Fe
can occur predominantly around the pyrazole and phenyl rings.
The HOMO orbitals around the N-atom of the
Fig. 7 Optimized structures of the studied compounds (selected atomic

This journal is © The Royal Society of Chemistry 2016
methanesulfonamido group and the carbonyl O-atom are s-
type, indicating that these groups can interact with vacant p-
orbitals of Fe. The S- and O-atoms of the sulfonamido group
are not involved in the HOMO electron density distributions.

The LUMO electron density distributions on the other hand
are mainly found on the quinoxaline moieties of the molecules.
Apart from the atoms in the quinoxaline ring, the sp2 N-atom of
the pyrazole ring and the C-atoms adjoining the pyrazole and
phenyl rings in MS-3-PQPP are also involved in the LUMO
electron density surface of the molecule. Some of the C-atoms in
the phenyl ring especially those around the sulfonamido groups
also contribute to the LUMO electron density distributions in
MS-3-PQPP. The LUMO of MS-2-PQPMS is slightly extended to
the sp2 N-atom of the pyrazole ring. The LUMO of MS-3-PQPMS
involves the p-electron centre of the C]C group adjoining the
pyrazole to the phenyl ring, the sp2 N-atom of the pyrazole ring,
labels were referred in the discussion of results).

RSC Adv., 2016, 6, 86782–86797 | 86791
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Fig. 9 Fukui functions for the inhibitormolecules (isosurface¼ 0.003).

Fig. 8 HOMO and LUMO electron density isosurfaces of the
compounds.
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and the C-atom of the phenyl ring adjacent to the meth-
anesulfonamido group.

Fukui indices have been widely used to identify the
prospective atomic sites with which an inhibitor molecule
interacts with metallic atom.38,111–114 The atomic sites with
highest susceptibility to nucleophilic and electrophilic attacks
were predicted by calculating f+ (for nucleophilic) and f� (for
electrophilic) attacks as:45

fk
+ ¼ rk(N+1)(r) � rk(N)(r) (10)

fk
� ¼ rk(N)(r) � rk(N�1)(r) (11)

where rk(N+1), rk(N) and rk(N�1) are the electron densities of the
kth atom in a species with N + 1, N, and N � 1 electrons,
respectively. The Mulliken Population Analysis (MPA) and the
nite difference (FD) approximations approach introduced by
Yang and Mortier115 was adopted, while the Mulliken gross
charges on the atoms were used as the electron densities.
Numerical Fukui indices were visualized as graphical iso-
surfaces with the aid of Multiwfn soware116,117 as shown in
Fig. 9.

It is apparent from the f+ electron density surfaces that for all
the inhibitor molecules, the prospective interactions of a nega-
tively charged metallic surface with the inhibitor molecules will
occur mainly through the N-atoms and the aromatic centre
86792 | RSC Adv., 2016, 6, 86782–86797
(C2]C3) in the quinoxaline ring, the sp2 N-atom (N3) in the
pyrazole ring, and the p-electron centre between the C-atoms
adjoining the pyrazole and phenyl rings. Some of the C-atoms
(in the phenyl ring) especially those in the neighbourhood of
the methanesulfonamido group also appear to be prospective
sites for nucleophilic attack. Methanesulfonamido groups are
not involved in the f+ electron density distributions. The most
probable sites for electrophilic attacks are depicted with the f�

graphical isosurfaces. In all the inhibitor molecules, the two N-
atoms in the pyrazole ring, the carbonyl oxygen, the p-electron
centres on the phenyl ring (around the point of attachment of
the methanesulfonamido group) are prospective sites of elec-
trophilic attack. These observations suggest that in acidic
medium where a positively charged metallic surface overlaid
with negatively charged chloride ions (from HCl solution) is
present, the studied inhibitors will interact essentially through
the quinoxaline ring. On the other hand, positively charged
metallic surface or ions can bind to the inhibitor molecules via
the pyrazole ring.

3.5.2 Quantum chemical descriptors. Selected quantum
chemical parameters for both the neutral and most stable
protonated forms of the studied molecules are listed in Table 4.
Molecular quantum chemical parameters such as EHOMO,
ELUMO, energy gap (DEL–H ¼ ELUMO � EHOMO), dipole moment
(m), global electronegativity (c), global hardness (h), and fraction
of electrons transferred from an inhibitor to metallic atom (DN)
are traditionally used to provide a molecular based explanation
to the relative corrosion inhibition strengths of a set of organic
This journal is © The Royal Society of Chemistry 2016
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Table 4 Quantum chemical parameters for the neutral and protonated molecules of the inhibitors

Neutral species

Parameter MS-2-PQPP MS-3-PQPP MS-4-PQPP MS-2-PQPMS MS-3-PQPMS MS-4-PQPMS

ELUMO/eV �2.243 �1.942 �1.946 �1.974 �2.051 �1.981
EHOMO/eV �6.124 �5.983 �5.734 �6.329 �6.444 �6.004
DEL–H/eV 3.881 4.041 3.789 4.355 4.393 4.023
c/eV 4.183 3.963 3.840 4.152 4.248 3.993
h/eV 1.941 2.020 1.894 2.178 2.196 2.012
DN 0.726 0.752 0.834 0.654 0.626 0.748
m/Debye 3.816 5.493 4.505 5.930 3.641 1.049

Protonated speciesa

Parameters MS-2-PQPP-H+
(N3) MS-3-PQPP-H+

(O1) MS-4-PQPP-H+
(N2) MS-2-PQPMS-H+

(N3) MS-3-PQPMS-H+
(N1) MS-4-PQPMS-H+

(N1)

ELUMO/eV �6.085 �5.323 �6.962 �6.123 �6.971 �6.971
EHOMO/eV �9.246 �8.948 �7.947 �9.216 �8.280 �8.041
DEL–H/eV 3.160 3.626 0.985 3.093 1.309 1.070
c/eV 7.665 7.136 7.455 7.670 7.625 7.506
h/eV 1.580 1.813 0.493 1.547 0.654 0.535
DN �0.210 �0.037 �0.462 �0.217 �0.478 �0.473
m/Debye 4.011 7.772 21.714 6.501 15.592 19.579
PAb/kJ mol�1 966.68 938.85 949.61 948.28 945.57 947.57

a Data are reported for the most stable protonated species; respective sites of protonation are indicated as subscripts e.g. (N1), (N2) etc. based on
atom labeling in Fig. 6, where O1 is the carbonyl oxygen. b PA was calculated as previously reported.45
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molecules.9,38,45,47,48,118Generally, amolecule with higher value of
EHOMO, lower value of ELUMO and/or lower value DEL–H exhibits
higher inhibition efficiency.6,9,45,48

In the present study, however, an attempt to correlate indi-
vidual quantum chemical parameters (Table 4) with average
corrosion inhibition efficiencies of the studied molecules could
not yield a direct trend. In a case like this, relationships between
inhibition efficiencies and quantum chemical parameters are
oen described by using composite theoretical data. Linear
and/or non-linear equations that relate average corrosion inhi-
bition efficiencies with multiple quantum chemical descriptors
are obtainable with the aid of quantitative structure activity
relationship (QSAR) analysis. QSAR has been successfully used
Table 5 Relevant QSAR derived equations and regression analyses data

Parameters QSAR equations

Neutral species
EHOMO, ELUMO, DN, m IE ¼ �553.872 � 97.162EHOMO + 76.955ELU
DEL–H, c, DN, m IE ¼ �538.733 + 85.942DEL–H + 18.747c + 2
DEL–H, DN, m, PA IE ¼ �98.640 + 58.233DEL–H + 158.817DN �

Protonated species
DEL–H, c, m, PA IE ¼ 708.421 + 5.056DEL–H + 23.748c + 0.91
DEL–H, c, DN, PA IE ¼ 764.510 � 16.045DEL–H + 39.360c + 11
EHOMO, ELUMO, m, PA IE ¼ 707.979 � 6.798ELUMO � 17.033EHOMO

a MSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 ðIEpred � IEexpÞ2
q

; RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

XN
i¼1

ðIEpred � IEexpÞ2
vuut ; IEpred

number of observations (n ¼ 6).

This journal is © The Royal Society of Chemistry 2016
in literature to examine the dependence of average corrosion
inhibition strengths of molecules on a composite index of more
than one quantum chemical descriptor.47,119,120 Several attempts
were made to correlate different linear combinations of relevant
parameters with average experimental inhibition efficiencies of
the molecules. QSAR analyses were performed with the aid of
the XLSTAT (Microso Excel add-in) soware121 and the results
are listed in Table 5.

The results in Table 5 show that composite indices of
quantum chemical descriptors including EHOMO, ELUMO, c, DN,
m and PA correlate well with average inhibition efficiencies of
the molecules. The derived QSAR equations were ranked based
on nearness of correlation coefficient (R2) values to unity and
a

R2 MSE RMSE

MO + 283.672DN � 0.476m 0.981 4.705 2.169
77.212DN � 0.476m 0.981 4.719 2.172
0.415m � 0.174PA 0.990 2.492 1.579

0m � 0.866PA 0.997 0.647 0.805
0.713DN � 0.951PA 0.998 0.546 0.739
+ 0.920m � 0.867PA 0.997 0.649 0.806

¼ predicted inhibition efficiency; IEexp ¼ experimental efficiency, n is the

RSC Adv., 2016, 6, 86782–86797 | 86793
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Fig. 10 Plot of observed and predicted IE (%).
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small values of the mean square error (MSE) and root-mean-
square error (RMSE). When the quantum chemical descriptors
for the neutral molecules were used, a linear combination of
DEL–H, DN, m and PA gave the best correlation, suggesting that
PA plays a role in corrosion inhibition efficiency of the
Fig. 11 Side (above) and top (below) views of the low adsorption energy
MS-2-PQPMS, (e) MS-3-PQPMS and (f) MS-4-PQPMS interactions with

86794 | RSC Adv., 2016, 6, 86782–86797
molecules. The best correlation was obtained from a linear
combination quantum chemical parameters of the protonated
species, that is, DEL–H, c, DN and PA giving an R2 value of 0.998,
MSE and RMSE values of 0.546 and 0.739, respectively. The plot
of experimental inhibition efficiencies (IEexp) versus predicted
inhibition efficiencies (IEpred) (based on the best QSAR equa-
tion, IE ¼ 764.510 � 16.045DEL–H + 39.360c + 110.713DN �
0.951PA) is shown in Fig. 10. The results suggest that the
corrosion inhibition efficiency of the studied compounds
depend on the HOMO–LUMO energy gap, electronegativity,
fraction of electron transferred to metal, and proton affinity,
such that lower DEL–H and PA, as well as higher c and DN will
favour higher protection performance.
3.6 Molecular dynamic (MD) simulations

The lowest energy congurations for the adsorption of the
studied inhibitor molecules on the Fe(110) surface obtained
from MD simulations are shown in Fig. 11. All the inhibitor
molecules adopt near-at orientation on the Fe surface, which
supports optimum interactions with the metallic substrate. The
methyl group of the methanesulfonamido substituent in MS-2-
configurations of (a) MS-2-PQPP, (b) MS-3-PQPP, (c) MS-4-PQPP, (d)
Fe(110) using molecular dynamics simulations.

This journal is © The Royal Society of Chemistry 2016
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Table 6 Selected energy parameters for the most stable configura-
tions of the adsorption of the studied inhibitors on Fe(110) surface (in
kJ mol�1)

System Interaction energy Binding energy

Fe(110) + MS-2-PQPP �976.908 976.908
Fe(110) + MS-3-PQPP �1113.337 1113.337
Fe(110) + MS-4-PQPP �1095.693 1095.693
Fe(110) + MS-2-PQPMS �868.230 868.230
Fe(110) + MS-3-PQPMS �877.046 877.046
Fe(110) + MS-4-PQPMS �846.833 846.833
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PQPP, MS-2-PQPMS and MS-4-PQPMS does not adopt a parallel
inclination with Fe(110) surface. This might reduce the degree
of interactions with the metallic surface. This does not happen
in the case of MS-3-PQPP and MS-3-PQPMS, which suggests
a higher degree of interactions between these molecules and
Fe(110) substrate.

The interaction and binding energies obtained from the
simulations are listed in Table 6. The results show that the order
of binding energies of the inhibitor/Fe(110) systems is MS-3-
PQPP/Fe(110) > MS-4-PQPP/Fe(110) > MS-2-PQPP/Fe(110), and
MS-3-PQPMS/Fe(110) > MS-2-PQPMS/Fe(110) > MS-4-PQPMS/
Fe(110) which is in agreement with the trends of observed
inhibition strengths of the compounds.
4 Conclusions

Corrosion inhibition properties of six quinoxalinyl-
dihydropyrazolyl-phenyl-methanesulfonamide based
compounds were investigated using electrochemical, UV-vis
spectroscopy, scanning electron microscopy, quantum chem-
ical calculations, quantitative structure activity relationship,
and molecular dynamic simulation studies. The following
conclusions can be drawn from the studies:

(i) All the studied compounds showed substantial protection
performances for mild steel in hydrochloric acid medium. Their
inhibition efficiencies increased with increasing concentration
up to some limiting values.

(ii) All the studied compounds are mixed-type inhibitors;
they inhibit both anodic mild steel dissolution and cathodic
hydrogen gas evolution and/or oxygen reduction reactions.

(iii) The compounds form pseudo-capacitive protective lms
on mild steel surface and protect the steel from direct acid
attack.

(iv) The compounds adsorbed on mild steel surface via
competitive physisorption and chemisorption mechanisms and
their adsorption obeyed the Langmuir adsorption isotherm
model.

(v) UV-vis spectra suggested inhibitor–Fe interactions, while
SEM images conrmed that the compounds protect mild steel
surface from direct exposure to corrosive ions.

(vi) Quantum chemical descriptors exhibit excellent corre-
lations with inhibition performances and QSAR equations with
high correlation coefficients and minimum statistical errors
This journal is © The Royal Society of Chemistry 2016
were derived. QSAR analyses suggested the participation of
protonated species in the corrosion inhibition process.

(vii) Binding energies derived from molecular dynamics
simulations are in agreement with the trend of experimental
inhibition efficiencies.

(viii) Inhibitive strengths were affected by the position of the
sulfonamido group attached the phenyl ring, such that substi-
tution at position 3 favours higher inhibition potential.
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