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Abstract—The study described the preparation and characterization of thiophene/pyrazine Schiff base, (E)-
N-{(thiophene-2-yl)methylene}pyrazine-2-carboxamide (HL) using melting point and micro (CHN) anal-
ysis; vibrational, nuclear magnetic resonance (1H- and 13C-NMR) and electronic (UV–Vis) spectroscopies.
HL was also studied for adsorption and corrosion properties. The spectral data were consistent with tridentate
bonding nature and enolimine tautomeric arrangement within the ligand assemblage giving credibility to its
formation. Density functional theory (DFT) calculations correlated the investigational data, while its per-
centage inhibition efficiency (IE, %) increased with rise in concentration though declined with increase in
temperature (T). The latter indicate that the inhibition proficiency (IP) with T was mixed adsorption, with
physisorption dominating the corrosion inhibition process. Similarly, the adsorption of HL on the mild steel
(ms) obeys Langmuir adsorption isotherm. However, the negative sign of  and  designates that HL
adsorption on the ms surface in 1.0 M HCl was instantaneous and exothermic correspondingly. Furthermore,
the scanning electron microscopy (SEM) data corroborates that HL hinders ms corrosion through the for-
mation of protective layers on ms surfaces.
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INTRODUCTION

Mild steel (ms), a foremost material of construc-
tion is expansively adopted in chemical as well as allied
industries owing to its accessibility, low cost and
unfussy assemblage [1, 2]. The uses of ms spans across
various industrial sectors and units including the oil
and gas, chemical processing plants, automobile, etc.
Largely, metals as well as their alloys display natural
propensity of spontaneously reacting with their envi-
ronment to acquire lesser energy by developing chem-
ical compounds in more steady condition(s). The lat-
ter produces destructive influence on the motorized
properties of the metals. Consequently, research has
shown that steels and their byproducts, which are vul-
nerable to bout in destructive media, are the fre-
quently exposed species in manufacturing environ-
ments [3, 4]. For prevention or retardation of metallic
dissolution in addition to reduction of acid intake;
corrosion inhibitors are normally adopted [5]. Com-
pounds with amines, fatty amides, oxygen, sulphur or
phosphorous moieties as surfactants have remained
documented as corrosion inhibitors. Similarly, the use

of carbon-based and synthetic materials as corrosion
inhibitors of metals and alloys have stood extensively
reported [6, 7]. Most known effective inhibitors are
heterocyclic assemblages with O, N and S heteroatoms
in addition to multiple bonds within their cyclic struc-
tures through which they are adsorbed on metallic sur-
faces by developing organic film layers [8]. Research
reports [3, 5] also have it that effective adsorption
often depends on basic physicochemical properties
(functional moieties, electron density at the donor
atom, π-orbital character and the electronic configu-
ration) within the inhibitor structural assemblage.
Effectiveness of carbon-based compounds as inhibi-
tors remains principally reliant on their capacity to get
adsorbed on metallic surfaces thus substituting aquo
fragments at the oxidizing edges. Derivatives of het-
erocyclic assemblages have stood as the utmost opera-
tive inhibitors [9, 10] owing to the existence of N, O,
S, Se plus P in forming coordinate-covalent bonds
with metallic ions, a consequence of free electron pairs
[11] residing on the heteroatoms. Likewise, com-
pounds bearing π-bonds often exhibit excellent inhib-
itive possessions, a consequence of π-orbital interac-
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tion with metallic surfaces [12]. Generally, carbon-
based molecules have been accepted to inhibit corro-
sion through adsorption at the metallic–solution
interface [13]. The mechanisms of adsorption associ-
ated with carbon-based compounds include blockage
of reaction spots or creating physical barrier to lessen
the diffusion of corrosive species on the metallic sur-
faces. In an attempt to broaden the existence of eco-
nomical and environmentally friendly inhibitors, this
present study report the preparation of a new thio-
phene/pyrazine Schiff base ligand, N-(thiophen-2-
ylmethylene)pyrazine-2-carboxamide as a probable
corrosion inhibitor.

MATERIALS
The chemicals; thiophene/pyrazine, concentrated

hydrochloric acid, acetone, sodium hydroxide, zinc
dust, glacial acetic acid, trimethylamine and ethylene-
diamine, were all delivered by Sigma-Aldrich limited
as analytical reagent quality and used without any sort
of distillation. The ethanol solvent was purchased as
drum standards and purified using conventional tech-
niques [14]. The ms piece was acquired from an open
market in Ibadan, Oyo State, Nigeria.

METHODS
The synthesized ligand was evaluated for solubility

in polar and non-polar solvents. Melting point
(uncorrected) was carried out using an Electro-ther-
mal Temp-Mel melting point device on the synthe-
sized compound. The micro-analysis (CHN) for syn-
thesized Schiff base was acquired on Perkin-Elmer
7300 DV and Leco, CHNS-932 elemental analyzers.
The vibrational spectral data were obtained on Bruker
FT/IR-4100 Billerica spectrometer as triplet scans
using the KBr disc method in the 4000–350 cm–1,
while the electronic data were acquired amid 190–900 nm
scan range by means of Lambda 25 UV/visible spec-
trophotometer. The 1H and 13C NMR spectra for the
Schiff base were acquired at 301 K on Bruker DRX-
400 MHz spectrophotometer in DMSO-d6. The inter-
nal standard, tetramethylsilane (TMS) served as refer-
ence for the NMR chemical shifts.

EXPERIMENTAL
Synthesis of (E)-N-{(Thiophene-2-

yl)methylene}pyrazine-2-carboxamide (HL)

The Schiff base, (E)-N-{(thiophene-2-yl)methy-
lene}pyrazine-2-carboxamide (Scheme 1) with mole-
cular weight, 217 g mol–1 was synthesized following an
earlier reported procedure [15] with slight modifica-
tion. An equimolar concentration of thiophene-2-car-
baldehyde (0.000045 mmol, 5000 mg) and pyrazine-
2-carboxamide (0.000045 mmol, 5489 mg) were liq-
uefied in ethanol (30 mL). The mixture was catalyzed
PROTECTION OF METALS AND PHYSICAL
using ±3 mL of CH3CO2H and refluxed for 3 h on a
magnetic-stirrer hotplate. Solid precipitates were
acquired on ice refrigeration, filtered under gravity,
recrystallized from ethyl-alcohol to afford the Schiff
base dried in desiccator over silica gel. The chemical
structure and nomenclature of the Schiff base was
acquired using ISIS-draw as well as Chem-draw
respectively. Yield: 7485 mg, MW: 217.186 g/mol,
66%. Shade: brown, m.p: 236–238°C. IR (KBr)
ν/cm–1: 3401 m (HC=N), 3146s (CH), 1699s (C=N),
1606 (C=C), 1434 (C=O), 1374s (C–N), 1020s (C–
C), 784 δ(C–H). 1H NMR (300 MHz, DMSO-d6)
δ ppm: 7.85 (s, J(0.92), 0.84, H–C=N); 8.66–8.67
(d d, J(2.58, 1.53), 1.13, 2H, H5&6 pyrazine); 8.23 (s,
J(1.10), 0.84, 1 H, H2 pyrazine); 8.81 (d, J(2.53), 1.14,
1H, H12 thiophene); 9.16 (d, J(1.53), 1.05, 1H, H13
thiophene); 7.94 (d, J(0.82), 1H, H11). 13C NMR (75
MHz, DMSO-d6) δ ppm: 165.5 (C5,6); 147.8 (C9),
145.4 (C2), 144.1 (C7), 143.7 (C3), 40.5 (C10), 40.3
(C13), 40.1 (C11) and 39.9 (C12). UV/visible (cm–1):
35811, 36215 (π–π*), 26661, 25635 (n–π*); Anal.
Calcd. for C10H7N3OS (%): C, 55.29 (55.26), H, 3.25
(3.31), N, 19.35, (19.29).

Specimen Preparations
Percentage composition of ms sample (wt %) used

were 21 × 10–1, C; 9 × 10–1, Mn; 22 × 10–2, P; 3 × 10–2,
Si; 30 × 10–2, S; 11 × 10–1, Cr; 12 × 10–1, Ni; 22 × 10–2,
Mo; 7 × 10–2, Al; 15 × 10–1, Cu and Fe as the balance.
The ms pieces stood mechanically pressed cut into
coupons of dimension 4 cm/4 cm/0.45 mm. These
coupons were used as delivered devoid of further pol-
ishing but remained degreased in ethyl-alcohol, dried
in acetone, weighed and stored in a dehydrated desic-
cator before use [16].

Gravimetric Method
The weight loss (WL) experimentation stood com-

pleted in a 100 mL 1 M HCl solutions with several
concentrations of the Schiff base ligand. Earlier
weighed coupons were wholly submerged in 100 mL of
the test solution. The system was maintained at 303 K.
To evaluate WL, the coupons remained recovered
afterward 5 h of immersion, placed in 20% sodium
hydroxide solution comprising 200 gL–1 Zn dust,
cleaned using bristle brush, washed with abundant
aqueous solvent followed by acetone, dehydrated, and
weighed. The variation in mass of the coupons after
5 h of submerge and its original weight were consid-
ered as the WL. The experimentations were repeated at
313, 323, 333, and 343 K temperatures. From WL val-
ues, corrosion rates (CR) stood calculated with the for-
mula [17].

(1)−= 1 2
R .

At
m mC
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The surface coverage (θ) and IE% which is the
inhibition efficiency (IE) of HL was computed
according to Eqs. (2) and (3) [18].

(2)

(3)

Surface Analysis

Morphological studies of the ms surfaces after 5 h
of submerge in 1 M HCl solutions with and without
1.0 mM HL solution at 290 K stood evaluated with
SEM-COATER MODEL Q150RES.

Quantum Chemical Analysis

Quantum chemical methods (QCMs) have
attracted global attention in predicting the perfor-
mances of corrosion inhibiting compounds [19], a
consequence of the considerable role computational
chemistry plays in explaining the electronic and
molecular structures as well as reactivity of com-
pounds [20]. Progressively, QCMs through DFT has
remained proficiently adopted to gain better knowl-
edge of chemical reactivity and choice of attractive site
of molecular compounds. Also, in corrosion studies, it
helps in the description of the nature and structure of
anti-corrosion compounds [21]. Molecular descrip-
tors like HOMO energy, LUMO energy, band gap,
dipole moment and Mullikan charges offers great con-
tributions in the assessment of molecules as corrosion
inhibitors [22]. The present study adopted DFT for
full optimization on the inhibitor molecule using
hybrid functional Becke 3 Lee Yang Par (B3LYP) stage
of theory with 6-3IG* (D) source set through Spartan
14 (Version 1.2.0) program. Various hypothetical fac-
tors like energy of highest occupied molecular orbital
(EHOMO), lowest unoccupied molecular orbital (ELUMO),
energy band gap (ΔE; ELUMO–EHOMO), electronegativ-
ity (χ), global hardness (η) and global softness (S),
fraction of electron transfer (ΔN) plus dipole moment
(μ) were calculated to describe the global reactivity of
the HL molecule.

RESULT AND DISCUSSION

Synthesis

The 1 : 1 mole ratio reaction of thiophene-2-car-
baldehyde and pyrazine-2-carboxamide in ethyl-alco-
hol solution afforded the pyrazine Schiff base, (E)-N-
{(thiophene-2-yl)methylene}pyrazine-2-carboxamide.
The acquired analytical and spectral data corroborated
the structure of the synthesized ligand. The ligand was
intensely colored adopting an unchanging solid
nature.

( ) ( )

( )

−
θ = R blank R inh

R blank

,
C C

C

= θ ×IE,% 100.
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Microanalysis

The microanalysis data established a 1 : 1 coordi-
nation stoichiometic ratio for the synthesized ligand.
The acquired experimental figures were strongly in
agreement with theoretical values and consistent with
proposed chemical composition for the synthesized
compound.

Spectral Studies

Critical evaluation of the 1HNMR spectrum (Fig. 1)
of (E)-N-{(thiophene-2-yl)methylene}pyrazine-2-
carboxamide acquired in DMSO-d6 indicates the
absence of a peak typical of OH functional group often
associated with thiophene-2-carbaldehyde within
20.0–15.0 ppm rather a signal around 7.85 ppm was
detected. The latter results from the existence of eno-
limine tautomeric assemblage of the synthesized
Schiff base ligand giving credibility to an aminopyar-
zinethiophene ligand creation. The assemblage sug-
gested for the Schiff base ligand was substantiated by
the presence of a lone resonated signal at 7.85 ppm
corroborative of H–C=N moiety. The pyrazine cyclic
protons were detected at 8.67 ppm as double-doublet
and 8.23 ppm as a lone peak, whereas the thiophene
hydrogen atoms were observed as doublet signals at
7.94 ppm, 8.81 ppm and 9.16 ppm. The spectrum
(13C NMR) of the Schiff base ligand (Fig. 2)
revealed resonance peaks arising from the pyrazine
aromatic atoms (C2, C3, C5&6) around 145.5, 143.7,
and 165.5 ppm. The peaks within the sort 39.90–
40.53 ppm were carefully apportioned to C11, C12 and
C13 atoms separately of the thiophene function. Also,
detected lone signals at 147.8 and 144.1 ppm were
credited to C9 and C7 atoms of the imine and ketonic
moieties. Substantial vibrational bands were cau-
tiously allotted on association to documented
accounts of related structures [23]. The vibrational
spectrum of (E)-N-{(thiophene-2-yl)methylene}pyr-
azine-2-carboxamide (Fig. 3) exhibited a broad-like
band at 3401 cm–1 apportionable to intramolecular
proton bonding (v C–H…N) of an imine assemblage
giving credence to Schiff base formation. The latter
also confirms the dehydration of the carbanolimine to
afford the Schiff base and absence of both NH and OH
stretching vibrations often detected in pyrazine-2-car-
boxamide and thiophene-2-carbaldehyde. The
absorption bands arising from the C–H function was
noticed at 3146 cm–1. While the imine moiety absorp-
tion band was detected at 1699 cm–1, the characteristic
vibration band due to C=C groups vibrated as a signal
band at 1606 cm–1. Also the free C=O moiety
appeared a strong band at 1434 cm–1. The bands at
1374, 1020, and 784 cm–1 in the Schiff base spectrum
were ascribed to v (C–N), v (C–C) and δ (C–O)
vibrations independently. The ligand presented intra-
ligand bands of π* ← n and π* ← π only as no d–d or
Y OF SURFACES  Vol. 56  No. 3  2020
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Fig. 1. 1HNMR spectrum of HL ligand.
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Fig. 2. 13CNMR spectrum of HL ligand.
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L → MCT transitions were expected in the ultraviolet
region. The coupled two bands each detected in the
ligand spectrum at 35811 and 36215; and 26661 and
25635 cm–1 were credited to π–π*and n–π* transi-
tions within the ligand assemblage.

Weight Loss (WL) Measurement

Corrosion parameter figures like corrosion rates
(CR), IE (%) and θ contained in Table 1 were acquired
from gravimetric experimentations on ms in 1 M HCl
solution with and without HL at 20–100 μM concen-
trations and 303–343 K temperature ranges. Table 1
PROTECTION OF METALS AND PHYSICAL
confirms that the high IE (94.64%) displayed by HL at
optimum concentration (100 μM) and room tempera-
ture advocates additional θ of the ms surface by the
inhibitor molecule [24]. The latter corroborates HL as
a good corrosion inhibitor (CI) for ms in 1 M HCl
solution. Figures 4 and 5 denote WL and corrosion
level as a function of inhibitor concentration (IC) at
various Ts, individually, whereas Figs. 6 and 7 denotes
%IE as a function of concentration and T separately.
The IE proliferates with rise in inhibitor concentra-
tions and declines with rise in Ts. The proliferation in
%IE with rise in HL concentrations could be due to
adsorption or formation of protective films on the sur-
 CHEMISTRY OF SURFACES  Vol. 56  No. 3  2020
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Fig. 3. FTIR spectrum of HL ligand.
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face of the metal by the inhibitor, whereas the decrease
in %IE at higher Ts may result from desorption of the
adsorbed molecules from metallic surface. [25]

Effect of Temperature and Activation Parameters

Temperature play foremost role in ascertaining the
corrosion properties of ms. The latter includes inhibi-
tor decomposition, desorption plus rapid etching
which occurs at the metallic superficial area at differ-
ent Ts in the inhibitor solution [26]. The data acquired
(Figs. 6 and 7) at 303–343 K temperature series por-
trays that CR with and without HL improved as T was
raised. The kinetics of HL action can be acquired by
making a comparison of the activation parameters: Ea
(activation energy), ∆H* (enthalpy of activation) and
PROTECTION OF METALS AND PHYSICAL CHEMISTR

Fig. 4. Plot of a WL against IC, after 5 h of immersion at
different Ts.
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∆S* (entropy of activation) with and without the inhibi-
tor. These parameters were computed from the Arrhenius
Eq. (4) and the transition state theory Eq. (5)

(4)

(5)

Figure 8 indicates a plot of log CR against 1/T K–1

for ms as straight lines with slope of (–Ea/2.303R)
from which Ea values were computed and itemized in
Table 2. The Ea with varied concentrations of HL in
1 M HCl improved compared to that acquired without
the inhibitor. The improved data of Ea designate
robust inhibitive activity of HL by improving energy

a
Rlog log ,

2.303
EC A

T
= −

( ) ( )( ) = + −
  

R Δ * Δ *log   log .
Nh 2.303 2.303

C R S H
T R RT
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Fig. 5. Plot of a CR against IC, after 5 h of immersion at
different Ts
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Table 1. Corrosion parameters from WL determinations for ms in 1 M HCl at varied Ts

CR = corrosion rate; %IE = inhibition efficiency; θ = surface coverage; T = temperatures.

Temp., K Concentration
of inhibitor, μM WL, g CR (g cm–2 h–1)×10–4 IE, % θ

303 0.0 0.5968 74.60 – –

20 0.1217 15.21 79.61 0.796

40 0.0925 11.56 84.50 0.845

60 0.0818 10.23 86.29 0.863

80 0.0476 5.95 92.02 0.920

100 0.0320 4.00 94.64 0.946

313 0.0 0.9298 116.23 – –

20 0.4239 52.99 54.41 0.544

40 0.2650 33.13 71.50 0.715

60 0.2520 31.50 72.90 0.729

80 0.2241 28.01 75.90 0.759

100 0.1589 19.86 82.91 0.829

323 0.0 1.4144 176.80 – –

20 0.7951 99.39 43.79 0.438

40 0.5550 69.38 60.76 0.608

60 0.4172 52.15 70.50 0.705

80 0.3677 45.96 74.00 0.740

100 0.3053 38.16 78.41 0.784

333 0.0 1.9952 249.40 – –

20 1.4026 175.33 29.70 0.297

40 1.0944 136.80 45.15 0.452

60 0.9018 112.73 54.80 0.548

80 0.7861 98.26 60.60 0.606

100 0.6828 85.35 65.78 0.658

343 0.0 2.8993 362.40 – –

20 2.2615 282.70 22.00 0.220

40 1.8711 233.89 35.46 0.355

60 1.6221 202.76 44.05 0.441

80 1.3890 173.63 52.09 0.521

100 1.2192 152.40 57.95 0.580
hindrance for the metallic corrosion process [27]. The
decline in IEs with increased T and the rise in Ea with
the inhibitors shows physical adsorption of inhibitor
molecules on the metallic surface [28]. The physical
adsorption of the inhibitor on the metallic surface
affords formation of physical blockade amid the
metallic surface, similarly obstructing charge transfer
hence retarding the metallic reactivity in corrosive
electrochemical reactions [29]. To acquire additional
PROTECTION OF METALS AND PHYSICAL
facts about corrosion process, activation kinetic fac-
tors like ΔH* and ΔS * were evaluated using transition
state Eq. (5) [30].

Figure 9 denotes a linear scheme of log CR/T
against 1/T K–1 through an intercept of log (R/Nh) +
(∆S*/2.303), a straight line through a slope of
∆H*/2.303R and used to evaluate the data of ∆H* and
∆S* as summarized in Table 2. The ∆H* displayed
 CHEMISTRY OF SURFACES  Vol. 56  No. 3  2020
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Fig. 6. Plot of IE (%) against IC at different Ts.
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Fig. 7. Plot of IE (%) against T at different ICs.

IE
, %

350340330320310300

20 �M

40 �M

60 �M
80 �M

100 �M

30

40

50

60

70

80

90

20

100

T, K

Fig. 8. Arrhenius scheme of ms corrosion in 1 M HCl solu-
tion of HL ligand at varied concentrations.
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comparable trend like the precursor Ea data i.e. data
proliferates as IC raised. The positive sign of the
enthalpies of activation reveal the endothermic nature
of dissolution process of ms in acidic medium (Verma
et al., 2017). The ∆S* data was more negative without
PROTECTION OF METALS AND PHYSICAL CHEMISTR

Table 2. Activation parameters of ms corrosion in varied con

Concentration
of inhibitor, μM Ea, kJ mol–1

0 33.96

20 61.24

40 64.48

60 62.83

80 69.57

100 75.98
the inhibitor than with the inhibitor, signifying that
the activated complex is more ordered in uninhibited
solution. Large and negative data acquired for entro-
pies of activation similarly submits that activated com-
plex in the rate ascertaining step denotes an associa-
Y OF SURFACES  Vol. 56  No. 3  2020

centrations of HL in 1 M HCl

ΔH*, kJ mol–1 −ΔS*, kJ mol–1

31.28 182.51

58.57 103.78

61.81 96.28

60.26 102.73

66.89 83.62

73.31 65.71
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Fig. 10. Langmuir adsorption plots for ms in 1 M HCl at
varied Ts with numerous concentrations of HL.
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tion rather than a dissociation step, i.e. a reduction in
disordering occurs on going from reactants to the acti-
vated complex [31].

3 ADSORPTION
AND THERMODYNAMIC STUDIES

The adsorption isotherm (Ia) is often evaluated if
inhibition influence is a function of adsorption at the
metallic interface. The proficiency of heterocyclic
assemblages as corrosion inhibitor resides on their
adsorption on the ms surface [32]. In acid corrosion, it
is anticipated that inhibitors would act through a pro-
cess of adsorption on metallic surface. Adsorption of
inhibitors may ascertain a structural charge of the dual
layer, thus decreasing the rate of electrochemical par-
tial reactions. Furthermore, adsorption that princi-
pally occurs at the active sites of the metallic surface
may hinder the reactivity of the metal in the process of
dissolution. Conversely, if the adsorption is followed
by hydration, reduction or polymerization reactions of
the inhibitor, thick layers could be formed thereby
rendering true physical barrier. The fractional θ data
were fitted into altered Ia models to acquire the
required isotherm. In this present study, Langmuir Ia
Eq. (6) was found to provide the best fit with correla-
tion coefficients (R2) close to one (>0.99) [33].
PROTECTION OF METALS AND PHYSICAL

Table 3. Adsorption parameters from Langmuir Ia for ms cor

Temp., K , kJ mol–1 Kads × 10

303 40.13 149.
313 39.34 66.
323 39.29 40.
333 38.77 21.
343 38.75 14.

°−Δ adsG
(6)

The plot of Cinh/θ versus Cinh afforded a straight
line (Fig. 10) scheme. The figures of the slopes specify
that the adsorption of HL on ms surface agrees with
Langmuir isotherm. The intercept was applied to eval-
uate the Kads, and the adsorption free energy (ΔGads)
was assessed using Eq. (7). The determined figures of

 are tabulated in Table 3

(7)

Negative data resulting from  signifies effec-
tiveness of the adsorption process as well as steadiness
of the adsorbed layer on the steel surface. Largely,

 data lesser than –20 kJ mol−1 often designate
physisorption while higher data corroborates

chemisorptions [34]. This  values (–38.75 kJ mol–1

to –40.13 kJ mol–1) acquired for this study were greater
than –20 kJ mol–1. The latter indicates that interaction
of HL inhibitor with the steel surface occurs through
physical and chemical adsorption [35] processes. Sol-
maz et al. [36], asserts that the physisorption could be
the initial stage of adsorption route. The enthalpy of
adsorption ( ) was acquired from Gibss–Helm-
holtz Eq. (8)

(8)

Plot of  against T (Fig. 11) gave the  and
standard entropy ( ). The positive values of 
in Table 4 indicates that disordering takes places when
the inhibitor gets adsorbed on the metallic surface.
Basically, negative figures of the  < 0 designates
exothermic process involving physisorption or
chemisorption while positive values (  > 0) cor-
roborates endothermic processes through chemisorp-
tion. Martinez et al. [37] documented standard enthalpy
of physisorption processes as –41.86 kJ mol−1, whereas
chemisorption processes data stood at –100 kJ mol–1.
Our ΔHo

ads data was found to be –50.01 kJ mol−1; but-

θ
= +inh

inh
ads

1 .C C
K

°Δ adsG

( )Δ = −° ×ads adsln 55.5 .G RT K

°Δ adsG

°Δ adsG

°Δ adsG

°Δ adsH

° ° °Δ = Δ − Δads ads ads.G H T S

°Δ adsG °Δ adsH
°Δ adsS °Δ adsS

°Δ adsH

°Δ adsH
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rosion in 1.0 M HCl at varied Ts

3, L/mol Slope R2

165 1.00 0.9971
365 1.09 0.9932
659 1.03 0.9993
729 1.06 0.9998
389 1.08 0.9979
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Fig. 11. A plot of ΔGo
ads against T for corrosion inhibition

ms in 1 M HCl at different Ts.
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Fig. 12. SEM image of ms coupon.

400 �m
tressing the fact that adsorption of HL on ms consist of
mixed adsorption.

Surface Morphological Examination

Morphological studies of the ms surfaces after 6 h
of immersion in 1.0 M HCl solutions of HL at 301 K
were appraised using SEM. Figure 12 denotes superfi-
cial morphology of polished ms coupon that displayed
uniform and consistent superficial area, while Figs. 13
and 14 shows surface imageries of ms sample with and
without HL individually. In the uninhibited solution
(Fig. 13), a crack and rough surface was observed
including pit owing to acid corrosion, while smooth
sample surface was obtained in the presence of HL
(Fig. 14). Critical scrutiny of Fig. 14 indicates slight
proof of existence of adsorption film corroborating
adsorption of HL on ms surface through the formation
of protective film.

Quantum Chemical Analysis

Density functional theory (DFT) was adopted to
acquire HL structure. The optimized structure,
ELUMO, EHOMO and electrostatic potential map of HL
PROTECTION OF METALS AND PHYSICAL CHEMISTR

Table 4. Thermodynamic parameter for the adsorption of HL

Temperature, K Kads × 103, L/mol , 

303 149.165 40

313 66.365 39

323 40.659 39

333 21.729 38

343 14.389 38

°−Δ adsG
are presented as Figs. 15–18 respectively. The usage of
frontier molecular energies to forecast electron-
donating capacity of an inhibitor (i.e EHOMO), the pro-
pensity to accept electron (i.e ELUMO) and to ascertain
reaction processes (i.e energy band gap), have been
described [7]. Largely, the greater the value of EHOMO,
the better the propensity of an inhibitor to give-out
electron [38]. Conversely, the lesser value of ELUMO,
signifies better propensity of an inhibitor to accept
electron whereas the energy gap signifies stiffness or
softness of a molecule. All evaluated frontier molecu-
lar orbital (FMO) properties for HL are displayed in
Table 5. Greater values of EHOMO (–6.72 eV) desig-
nates enhanced electron donating capacity of HL to
suitable acceptor molecules and accordingly, better
adsorption potentials of HL on the metallic surface.
Lesser ELUMO value (–2.72 eV) of HL molecule
ascertains its ability to accept electrons. A lower
energy gap (4.00 eV) amid EHOMO and ELUMO infers
that transfer of electrons from HOMO to LUMO
requires low energy that will lead to increased chem-
ical reactions and enhanced adsorption ability [39].
Figure 18 shows that the O1 and N3 are the heteroat-
oms responsible for the corrosion inhibitive property
displayed by HL on the ms.
Y OF SURFACES  Vol. 56  No. 3  2020

 on ms surface in 1.0 M HCl

kJ mol–1 , kJ mol–1 , J mol–1K–1

.13 50.01 33.30

.34

.29

.77

.75

°−Δ adsH °−Δ adsS
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Fig. 14. SEM image for ms in 1 M HCl solution with HL
ligand.

100 �m

Fig. 13. SEM image for ms in 1 M HCl solution without
HL ligand.

50 �m

Fig. 15. Optimized structure of HL.
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Fig. 16. FMO Diagram (HOMO) of HL ligand.
Scheme 1. Chemical structure of the Schiff Base Ligand.

CONCLUSIONS

The ligand, HL was synthesized through a conden-
sation reflux reaction of thiophene-2-carbaldehyde
and pyrazine-2-carboxamide in ethyl-alcohol solu-
tion. Investigational studies revealed tridentate (N, O,

S) donor atoms and enolimine tautomeric arrange-
ment within the ligand assemblage giving credibility to
its formation. Quantum chemical calculations sug-
gested an excellent correlation with the studied exper-
imental results. The %IE of HL increases with rise in
concentration however declines with increase in T.

S
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Fig. 17. FMO Diagram (LUMO) of HL ligand.

Fig. 18. Electrostatic potential map of HL ligand.
The latter indicate that the IE with temperature,
kinetic factors and activation parameters for the corro-
sion inhibition processes is a mixed adsorption with
physisorption dominating the process. Also, the
adsorption of HL on the ms conforms to Langmuir
adsorption isotherm. However, the negative sign of

 and  designates that adsorption of HL on
the ms surface in 1.0 M HCl was instantaneous and
exothermic. Similarly, acquired SEM results confirm
that HL molecule hinders ms corrosion through for-
mation of protective layers on ms surfaces.
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W 1.18
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