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INTRODUCTION

Corrosion, even though a natural process is a destructive
phenomenon which results in material degradation leading to
enormous losses in industry and society. Corrosion inhibition
study of iron and iron alloys is of immense importance due to
its wide applications in industry, domestic life and as construc-
tion material in many industries due to its excellent mechanical
properties and low cost [1,2]. Since metals and alloys frequently
come in contact with water, acids, bases, salts, oils and certain
chemicals they are likely to undergo corrosion [3-5]. One of
the practical methods of protecting metals against corrosion
involves the use of corrosion inhibitors. According to surface
chemistry, the surface reactions are affected by the presence
of foreign molecules. Corrosion being a surface phenomenon,
can be controlled by foreign compounds called inhibitors.
Inhibitors are substances which when used at low concen-
trations retard or delay corrosion by getting adsorbed on the
reacting metal surface [6]. It may block the active sites of

Experimental and Theoretical Study of Corrosion Behaviour of Maraging Steel in 1 M HCl in
Presence of 5-Methyl-4-[(E)-(thiophen-2-ylmethylidene)amino]-4H-1,2,4-triazole-3-thiol

R.N. MARY
1, R. NAZARETH

1, P. KRISHNA MURTHY
2,  and P.A. SUCHETAN

3,*,

1Department of Chemistry, St. Aloysius College, Mangaluru-575003, India
2Department of Chemistry, Bapatla Engineering College (Autonomous), Bapatla-522102, India
3Department of Studies and Research in Chemistry, University College of Science, Tumkur University, Tumkur-572103, India

*Corresponding author: E-mail: pasuchetan@gmail.com

Received: 26 September 2019; Accepted: 27 November 2019; Published online: 25 February 2020; AJC-19802

The inhibitory action of a synthesized Schiff base (5-methyl-4-[(E)-(thiophen-2-ylmethylidene)amino]-4H-1,2,4-triazole-3-thiol) [MTATT]
on the corrosion behaviour of maraging steel in 1 M HCl was investigated by electrochemical techniques like Tafel polarization studies
and electrochemical impedance spectroscopy. According to experimental data, inhibition efficiency increased with increase in temperature
and concentration of the inhibitor where MTATT acts as a mixed type inhibitor. The mode of inhibitor adsorption on maraging steel
follows Langmuir adsorption isotherm. The calculated thermodynamic and activation parameters suggested chemisorption mode of inhibitor
adsorption. Scanning electron microscope technology with energy dispersive X-ray spectroscopy (SEM-EDX) studies confirmed the
adsorption of inhibitor molecule on the surface of maraging steel. Several global reactivity parameters were calculated using DFT method
at B3LYP/6-311++(d,p) basis set. Theoretical calculations are in good concurrence with the experimental results.

Keywords: Maraging steel, Schiff base, Potentiodynamic polarization, EIS, Inhibition efficiency.

Asian Journal of Chemistry;   Vol. 32, No. 4 (2020), 845-852

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.

corrosion and limit the rate of anodic and cathodic process or
may increase the electrode potential.

Organic compounds containing atoms such as N, O, S, etc.
having lone pair of electrons and also compounds containing
electronegative functional groups and electrons in triple and
conjugated double bonds have been found to be effective
corrosion inhibitors [7-10].

Maraging steel is a low carbon steel containing 18 wt %
Ni, substantial amounts of Co and Mo along with small
amounts of Ti. Maraging steel is distinguished with outstanding
mechanical properties, workability and heat treatment charac-
teristics. The mechanical property is due to the heat treatment
performed to bring about precipitation of intermetallics in the
Fe-Ni martensitic matrix [11]. Maraging steels are identified
with high ductility, formability, corrosion resistance, high
strength and ease of fabrication, weldability and maintenance
of invariable size even after heat treatment [12]. The application
areas of maraging steel include missile and rocket motor cases,
landing and takeoff gear, aerospace, extrusion tooling, die
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casting, high performance shafting, etc. Acid solutions are used
in cleaning, pickling, descaling, acidizing, etc. and maraging
steels does come in contact with acids during such processes
and hence is subjected to corrosion.

Literature review shows 18 % Ni maraging steel, due to
atmospheric exposure gets completely covered with rust as a
result of uniform corrosion [13]. The effect of carbonate ions
in slightly alkaline medium on the corrosion of maraging steel
has been reported [14]. The inhibitory effect of aminophenyl-
tetrazole and 5-(3-aminophenyl)-tetrazole on corrosion
behaviour of maraging steel in acid medium has been studied
and reported with good inhibition efficiency [15,16]. The effect
of 1-(2E)-1-(4-aminophenyl)-3-(2-thienyl)prop-2-en-1-one on
the corrosion resistance of maraging steel has been studied and
shown that the efficiency increases with increase in concentra-
tion of the inhibitor [17]. In previous work, we have studied
the corrosion inhibition of maraging steel in hydrochloric acid
medium using a Schiff base 4-{[4-(dimethylamino)benzyli-
dene]amino}-5-methyl-4H-1,2,4-triazole-3-thiol [DBAMTT]
[18,19]. The Schiff base showed an increase in inhibition pro-
perty with increasing temperature and reported an inhibition
efficiency of 81 % at 45 °C [18]. The same Schiff base has also
been studied for its inhibition property on 316 stainless steel in 2
M HCl medium and has shown good inhibition efficiency [19].
Since Schiff bases can be synthesized by condensing triazoles
with aldehydes, for the present study similar Schiff base was
synthesized by changing the aldehyde moiety and inhibitory
action of the synthesized inhibitor was studied in 1 M HCl.

EXPERIMENTAL

Synthesis of [5-methyl-4-[(E)-(thiophen-2-ylmethylidene)-
amino]-4H-1,2,4-triazole-3-thiol]: The inhibitor was synthe-
sized as per the reported procedure by preparing triazole from
glacial acetic acid and thiocarbohydrazide [20,21]. The
synthesized triazole was refluxed with thiophene-2-aldehyde
in absolute alcohol to obtain the required Schiff base. The
product formed was filtered dried and recrystallized from
ethanol. Melting point of the synthesized inhibitor was in the
range 160-162 °C.

Medium: AnalaR grade 35 % HCl was diluted using double
distilled water in order to prepare standard solutions of 1 M
HCl. Corrosive medium of 1 M HCl in the absence and with
inhibitor concentrations of 10, 100, 200 and 300 ppm were
employed for the present corrosion study. Temperature range
used for the study was 30-45 °C using calibrated thermostat.

The material used for the study was 18 % Ni M250 grade
maraging steel with percentage composition as given in Table-1.

TABLE-1 
PERCENTAGE COMPOSITION OF 18 %  

Ni M250 GRADE MARAGING STEEL 

Element Composition Element Composition 
C 0.015 % Ti 0.3-0.6 % 
Ni 17-19 % Al 0.05-0.15 % 
Mo 4.6-5.2 % Mn 0.1 % 
Co 7-8.5 % P 0.01 % 
Si 0.1 % S 0.01 % 
O 30 ppm N 30 ppm 
H 2.0 ppm Fe Balance 

 

The working electrode used for the present study was cut
from a plate into a rod and molded with epoxy resin with an
open surface area of 0.8910 cm2 to be immersed in acid
medium. According to the standard metallographic practice,
the test coupon was polished by subjecting it to belt grinding
followed by abrading over emery papers of different grades
and subsequently on a polishing wheel using legated alumina
abrasive to obtain mirror finish. The abraded specimen was
washed with distilled water, degreased with acetone and dried
prior to immersion in acid medium.

Electrochemical measurements: Electrochemical measu-
rements namely Tafel polarization and electrochemical impe-
dance spectroscopy were performed using an electrochemical
work station, Gill AC having ACM instrument Version 5 soft-
ware. The electrochemical cell constituted a three-electrode
compartment glass cell having saturated calomel electrode
(SCE) as reference electrode, platinum as counter electrode
and specimen of maraging steel as the working electrode. In
order to attain a steady state open circuit potential (OCP), the
working electrode after fine polish and drying was immersed
in corrosive medium of 1 M HCl without and with the inhibitor
at different temperatures (30-45 °C).

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed over a frequency range of 10 kHz to
0.01 Hz by applying a AC signal Amplitude of 10 mV to the
electrical system. Potentiodynamic polarization curves were
recorded soon after impedance measurements. Polarization
studies were performed by polarizing the specimen from -250
mV cathodically to +250 mV anodically with respect to OCP
at a scan rate of 1 mV/s.

Scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM-EDX): SEM-EDX analyses of corroded
and inhibited maraging steel specimen immersed in 1 M HCl
solution were recorded in order to analyze the surface morpho-
logy of the specimen. Analysis was carried out using SEM-
EDX studies (Carl Zeiss, USA) and (Oxford Instruments).

Quantum chemical calculations: To get further insight
into the effect of molecular structure, electronic and reactivity
properties of the title inhibitor, the geometry was optimized in
ground state in gas phase. All calculations were performed within
the density functional theory (DFT) with exchange correlation
hybrid functional: B3LYP (three-parameter exchange func-
tional of Becke B3 [22] combined with the Lee-Yang-Parr
correlation functional LYP [23] using the extended basis sets
with polarization and diffuse functions 6-311++G(d,p) by
using Gaussian 09 software package [24]. For acuminous
visualization, we employ the package GaussView [25].

RESULTS AND DISCUSSION

Tafel polarization measurements: Tafel plots for
maraging steel specimen immersed in 1 M HCl solution in the
absence and presence of inhibitor at different temperatures
were recorded and results were tabulated. Tafel Polarization
curves for corrosion of maraging steel in 1 M HCl at 40 °C with
different inhibitor concentrations is shown in Fig. 1.

Tafel parameters like corrosion potential (Ecorr), corrosion
current density (icorr), cathodic slope (βc), corrosion rate (νcorr)
and inhibition efficiency (η) were given in Table-2.
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Fig. 1. Tafel polarization curves for the corrosion of maraging Steel in
1 M HCl containing different concentrations of inhibitor at 40 °C

The corrosion rate was calculated using eqn. 1 [26]:

1 corr
corr

3270 M i
(mm y )

Z
− × ×ν =

ρ× (1)

where, 3270 is a constant that defines unit of corrosion rate,
icorr is corrosion current density, ρ is the density of corroding
material, M is the atomic mass of the metal and Z is number
of electrons transferred per atom.

The inhibition efficiency was calculated from eqn. 2 [27]:

corr corr (inh)

corr

i i
(%) 100

i

−
η = × (2)

where, icorr and icorr (inh) are corrosion current densities obtained
in uninhibited and inhibited solutions.

Table-2 indicates increased rate of corrosion with rise in
temperature in the absence of the inhibitor. The addition of the
inhibitor resulted in decrease in corrosion rate. With increasing

temperature and inhibitor concentration an increase in inhi-
bition efficiency was observed. The addition of the inhibitor
did not show a definite shift in Ecorr values with respect to blank
solution. A displacement in corrosion potential (Ecorr) of more
than ± 85 mV with respect to the corrosion potential of the
blank is required for an inhibitor to be categorized distinctively
as cathodic or anodic type. The present study shows a maxi-
mum displacement of about ± 28 mV indicating that MTATT
behaves as a mixed type inhibitor affecting both metal disso-
lution and hydrogen evolution reactions [28]. With increase
in inhibitor concentration it was noticed that cathodic pola-
rization curves did not show much variation indicative of
the fact that hydrogen evolution is activation controlled and
presence of inhibitor does not alter the inhibition mechanism
[29,30].

Electrochemical impedance spectroscopy: EIS is a useful
technique in understanding the mechanism of corrosion. The
effect of inhibitor concentration on impedance behaviour of
maraging steel was studied and results were compared with
Tafel polarization studies. Fig. 2 represents Nyquists plots for
maraging steel in 1 M HCl at 40 °C using different concen-
trations of the inhibitor.

Nyquists plots are characterized by a large semi-circular
capacitive loop at high frequency range (HF). The diameter
of the Nyquist plots showed an increase as the inhibitor concen-
tration increased suggesting a decrease in corrosion rate [31].
The high frequency capacitive loop is often attributed to the
charge-transfer between the alloy and the electrolyte. Similar
plots in the absence and presence of the inhibitor suggests
that the inhibitor does not alter the corrosion mechanism. The
deviation from the perfect semicircular nature of Nyquist plots
is attributed to in homogeneity and impurities of the solid
electrode surface [32].

Depending on the shape of Nyquist plots the impedance
data was analyzed using suitable equivalent circuit. The circuit
fitting was done using ZSimpWin 3.21 software and results

TABLE-2 
RESULTS OF TAFEL POLARIZATION STUDIES ON MARAGING STEEL IN  

1 M HCl CONTAINING DIFFERENT CONCENTRATIONS OF THE INHIBITOR 

Temperature 
(°C) 

Concentration of 
inhibitor (ppm) 

Ecorr (mV/SCE)  -βc (mV dec-1) icorr (mA cm-2) νcorr (mm y–1) η (%) 

30 

Blank 
10 

100 
200 
300 

-261.63 
-270.30 
-262.44 
-260.55 
-269.19 

 

122.46 
133.57 
123.77 
85.941 
132.54 

1.9963 
0.8194 
0.7473 
0.6754 
0.5902 

25.0181 
10.2701 
9.3662 
8.4649 
7.3970 

– 
58.94 
62.56 
66.16 
70.43 

35 

Blank 
10 

100 
200 
300 

-257.41 
-279.40 
-269.12 
-266.02 
-279.39 

 

149.24 
152.12 
108.92 
141.16 
140.69 

3.4194 
1.0581 
0.9090 
0.7465 
0.6938 

42.8527 
13.2603 
11.3926 
9.3559 
8.6951 

– 
69.05 
73.41 
78.16 
79.70 

40 

Blank 
10 

100 
200 
300 

-257.29 
-275.95 
-263.95 
-281.96 
-285.91 

 

177.38 
150.91 
137.76 
160.36 
148.24 

5.8364 
1.3999 
1.2067 
0.9479 
0.7405 

73.1432 
17.5438 
15.1226 
11.8797 
9.2803 

– 
76.01 
79.32 
83.75 
87.31 

45 

Blank 
10 

100 
200 
300 

-255.26 
-277.94 
-269.58 
-271.77 
-279.09 

 

177.63 
165.12 
102.79 
126.08 
148.08 

9.4538 
2.0515 
1.7614 
1.5046 
0.8779 

118.477 
25.7099 
22.0743 
18.8560 
11.0027 

– 
78.29 
81.36 
84.08 
90.71 
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Fig. 2. EIS curves for the corrosion of maraging steel in 1 M HCl containing
different concentrations of inhibitor at 40 °C

obtained are listed in Table-3. A simplified Randles circuit
(Fig. 3) was used to fit the results as it provided the best fit.

TABLE-3 
RESULTS OF EIS STUDIES ON MARAGING  

STEEL IN 1 M HCl CONTAINING DIFFERENT  
CONCENTRATIONS OF THE INHIBITOR 

Temp. 
(°C) 

Concentration of 
inhibitor (ppm) 

Rct (ohm 
cm2) 

Cdl × 103 
(F cm-2) η (%) 

30 

Blank 
10 
100 
200 
300 

11.38 
37.80 
43.30 
49.70 
53.30 

27.57 
14.10 
18.30 
20.46 
12.99 

– 
69.89 
73.71 
77.10 
78.64 

35 

Blank 
10 
100 
200 
300 

7.44 
33.60 
37.70 
47.40 
50.10 

42.11 
9.38 
10.61 
13.06 
11.49 

– 
77.85 
80.26 
84.30 
85.14 

40 

Blank 
10 
100 
200 
300 

5.79 
22.7 
29.4 
44.3 
48.9 

48.19 
11.35 
16.15 
9.75 
9.38 

– 
74.49 
80.30 
86.93 
88.15 

45 

Blank 
10 
100 
200 
300 

3.31 
18.0 
20.7 
25.5 
41.4 

72.91 
9.36 
11.45 
13.62 
9.63 

– 
81.61 
84.00 
87.01 
92.00 

 

Qdl

Rct

Rs

Fig. 3. Equivalent circuit used to fit experimental EIS data

The circuit consists of a solution resistance Rs, charge-
transfer resistance Rct and a constant phase element correspon-

ding to double layer, Qdl. In the equivalent-circuit, a constant
phase element was used in the place of ideal capacitor to give
a more accurate fit.

The charge transfer resistance is inversely proportional
to corrosion current density as given by Stern-Geary equation
(eqn. 3) [33]:

a c
corr

a c ct

b b
i

2.303(b b )R
=

+ (3)

Inhibitor efficiency (η, %), was calculated from the follo-
wing relationship (eqn. 4) [34]:

ct (inh) ct

ct (inh)

R R
(%) 100

R

−
η = × (4)

where, Rct (inh) and Rct are the charge transfer resistances ob-
tained in inhibited and uninhibited solutions, respectively.

The CPE element is used to explain depression of the
capacitance semicircle. The CPE impedance (ZCPE) is given
by the expression:

CPE n

1 1
Z

Q (j )
= ×

ω (5)

where, Q is the CPE coefficient, n is the CPE exponent, ω is
the angular frequency (ω = 2πf, where f is the AC frequency)
and j is the imaginary unit. CPE behaves like an ideal double
layer capacitance (Cdl) when the value of n is 1. The correction
of capacitance to its real value is calculated using eqn. 6 [15]:

n 1
dl maxC Q( ) −= ω (6)

where, ωmax is the frequency at which the imaginary part of
impedance (-Zi) has a maximum value [35].

Increase in Rct values with increase in inhibitor concen-
tration is attributed to adsorption of inhibitor molecule on
the metal surface by replacing the water molecules forming a
protective film on the metal surface [36,37]. Decrease in Cdl

values in inhibited solutions compared to blank solution con-
firms the adsorption of inhibitor molecule on the metal surface.

Effect of temperature: From the study of temperature
dependence on corrosion rate and inhibition efficiency, it is
possible to calculate kinetic and thermodynamic parameters
for the inhibition process which helps in interpreting the kind
of adsorption behaviour followed by the inhibitor.

The energy of activation was calculated using Arrhenius
equation (eqn. 7) [38]:

a
corr

E
ln( ) B

RT
ν = − (7)

where, B is a constant which depends on the metal type, R is
universal gas constant and T is the absolute temperature.

Fig. 4 represents Arrhenius plots which is a plot of ln (νcorr)
vs. (1/T). The slope = Ea/R was obtained from Arrhenius plots
from which activation energy values were calculated. There
was a decrease in energy of activation Ea with increase in concen-
tration of the inhibitor which suggests the gradual adsorption
of the inhibitor molecule on the metal surface. It is reported
that lower values for Ea in inhibited solutions compared to
blank is indicative of chemisorption mechanism [39].

Transition state equation was used to calculate enthalpy
(∆H≠) and entropy (∆S≠) of activation for metal dissolution
process [40].
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Fig. 4. Arrhenius plots for corrosion of maraging steel in 1 M HCl con-
taining different concentrations of inhibitor

corr

RT S H
exp exp

Nh R RT

≠ ≠   ∆ −∆ν =    
   

(8)

where, h is Plank’s constant and N is Avagadro’s number. A
plot of ln (νcorr/T) vs. 1/T gives a straight line with slope =
–∆H/R and intercept = ln (R/Nh) + ∆S/R.

The positive values of enthalpy reflect endothermic nature
of corrosion process. The negative values of entropy of activa-
tion indicates that the activated complex in the rate determining
step represents an association rather than dissociation, resulting
in decrease in randomness on going from reactant to activated
complex [41]. The activation parameters are listed in Table-4.

TABLE-4 
ACTIVATION PARAMETERS FOR THE CORROSION OF 

MARAGING STEEL IN 1 M HCl CONTAINING DIFFERENT 
CONCENTRATIONS OF INHIBITOR 

Concentration of 
inhibitor (ppm) 

Ea  
(kJ mol-1) 

∆H≠  
(kJ mol-1) 

∆S≠  
(J mol-1 K-1) 

Blank 
10 
100 
200 
300 

83.32 
48.51 
45.64 
42.12 
20.12 

80.74 
45.93 
43.06 
39.54 
17.54 

48.24 
-74.33 
-84.72 
-97.50 
-170.46 

 
Adsorption isotherm: The value of surface coverage (θ)

at different concentrations of the inhibitor was obtained from
Tafel polarization studies in order to investigate the adsorption
behaviour of the inhibitor on the metal surface. Surface cove-
rage (θ) was calculated using eqn. 9 [42]:

(%)

100

ηθ = (9)

where, η (%) is the percentage inhibition efficiency. The values
obtained were tested for their fit to the experimental data using
different adsorption isotherms. Langmuir Adsorption Isotherm
gave the best fit which is given by the equation:

inh
inh

C 1
C

K
= +

θ
(10)

Fig. 5 shows the plot of Cinh/θ versus Cinh which gave a
straight line with an intercept 1/K.
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Fig. 5. Langmuir adsorption isotherms for adsorption of MTATT on
maraging steel in 1 M HCl solution at different temperatures

The standard free energy of adsorption (∆G°ads) was
calculated using eqn. 11 [31]:

o
adsG1

K exp
55.5 RT

 −∆=  
 

(11)

where, value 55.5 is the concentration of water in solution in
mol/dm3, R is the universal gas constant and T is the absolute
temperature. From the plot of (∆G°ads) vs. T, standard enthalpy
of adsorption (∆H°ads) and standard entropy of adsorption
(∆S°ads) were obtained according to thermodynamic equation
(eqn. 12). The thermodynamic parameters are recorded in
Table-5.

TABLE-5 
THERMODYNAMIC PARAMETERS FOR  

ADSORPTION OF [MTATT] ON SURFACE OF MARAGING 
STEEL IN 1 M HCl AT DIFFERENT TEMPERATURES 

Temperature 
(°C) 

∆G°ads  

(kJ mol-1) 
∆H°ads  

(kJ mol-1) 
∆S°ads  

(J mol-1 K-1) 
30 
35 
40 
45 

-36.45 
-38.51 
-38.89 
-39.08 

13.03 165.14 

 
o o o
ads ads adsG H T S∆ = ∆ − ∆ (12)

The adsorption of the inhibitor is a spontaneous process indi-
cated by the negative value of ∆Go

ads. Studies report the value
of ∆G°ads less than -20 kJ/mol are indicative of physisorption
while those greater than -40 kJ/mol are related to chemisorption
[43,44]. The present study shows both physical and chemical
mode of inhibitor adsorption on metal surface indicated by
values of ∆G°ads in the range -36.45 to -39.04 kJ/mol. Positive
sign of ∆H°ads reveals endothermic nature of adsorption which
is attributed to chemisorption. Positive value of ∆S°ads indicates
increase in entropy during adsorption process.

Inhibition mechanism: Inhibitory effect of MTATT on
the metal surface can be explained based on adsorption.
Adsorption can occur due to the availability of heteroatom or
π-electron cloud in the aromatic ring of the inhibitor molecule
[45].
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In acidic solution, the following mechanism is suggested
for the corrosion of iron and steel [46].

Fe + H2O  FeOHads + H++ e–

FeOHads  FeOH+ + e– (rate determining step)

FeOH+ + H+  Fe2+ + H2O

The cathodic hydrogen evolution follows the steps:

Fe + H+  (FeH+)
ads

(FeH+)
ads + e–  (FeH)ads

(FeH)ads + H+ + e–  Fe + H2

In acidic solutions inhibitor molecule at the nitrogen atoms
gets protonated and forms a positively charged inhibitor species
[47]. When immersed in HCl solution containing the inhibitor
the metal surface becomes negatively charged due to the adsor-
ption of Cl– ions and thus facilitates the electrostatic interaction
with the positively charged inhibitor molecule resulting in
physisorption.

Also the unprotonated inhibitor molecule may occupy
vacant adsorption sites on the metal surface via chemisorption
by sharing of electrons between heteroatom of the inhibitor
and metal surface or by interaction of π-electrons of inhibitor
molecule and the metal [48,49].

Fig. 6. SEM images of maraging steel (a) exposed to1 M HCl solution (b) exposed to 1 M HCl solution containing 300 ppm MTATT

(a) (b)

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
keV keV

Fig. 7. EDX spectrum of maraging steel immersed in 1 M HCl (a) in absence of inhibitor and (b) in the presence of inhibitor

SEM-EDX analysis: In order to analyze the difference in
surface morphology of the uninhibited and inhibited sample
of maraging steel immersed in 1 M HCl, SEM-EDX investi-
gations were carried out. Fig. 6a depicts metal surface in the
absence of inhibitor and shows a rough surface with cracks
and pits. Fig. 6b depicts metal surface immersed in inhibited
solution and shows a smooth surface without cracks which
confirms the adsorption of the inhibitor molecule on the metal
surface.

Energy dispersive X-ray analyses were carried out to iden-
tify the metal composition after its immersion in 1 M HCl in
the absence and presence of the inhibitor. Fig. 7a represents
EDX spectrum of uninhibited sample showing absence of peak
due to sulphur and atomic percentage of oxygen 54.27 % indi-
cating formation of oxide layer. Fig. 7b represents EDX spec-
trum of inhibited sample showing the presence of sulphur con-
taining peak and also atomic percentage of oxygen 47.27 %
which indicates formation of sulphur containing inhibitor film
on the metal surface.

Frontier molecular orbital analysis: Highest occupied
molecular orbital (HOMO) energy depicts the electron dona-
ting capacity, while, energy of lowest unoccupied molecular
orbital (LUMO) illustrates the electron accepting capacity, the
combination of these two orbitals being called as Frontier mole-
cular orbitals (FMOs). Therefore, higher energy value of HOMO
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suggests greater ability for electron(s) donation to the acceptor
molecule with lower energy and empty molecular orbital [50],
while, lower energy values of LUMO describes the electron
accepting tendency of the metal ions [51,52]. The chemical
behaviour of a molecule is better understood in terms of ∆E =
EHOMO-ELUMO. Further, the chemical reactivity of DBTT is des-
cribed in terms of various global reactivity parameters which
were calculated by DFT method using B3LYP/6-311++g(d,p)
basis set.

For the title compound (Fig. 8a), EHOMO (MO: 58) and
ELUMO MO: 59) values are -6.3960 and -2.5292 eV, respectively.
The global chemical descriptors associated with present title
compound are: ionization potential I = (-EHOMO), electron affinity
A = (-ELUMO) electronegativity χ = (I + A)/2, global hardness
η = (I – A)/2, chemical potential µ = -(I + A)/2 and electrophi-
licity index, ω = (µ2/2η) [53] are listed in Table-6. The HOMO-
LUMO orbitals are shown in Fig. 8. From this plot it is clear
that HOMO is localized over triazole ring and its methyl and
thiol group, partially rest of the molecule, while the LUMO is
localized over the entire molecule other than thiol and methyl
groups of triazole ring.

(a) (b) 

(c) (d)

Fig. 8. (a) Optimized geometry, (b) HOMO, (c) LUMO, (d) electrostatic
potential map of the title molecule

TABLE-6 
ENERGY VALUES AND OTHER PARAMETERS OF MTATT 

CALCULATED BY DFT/B3LYP/6-3++G(d,p) METHOD 

Parameter Gas phase (DFT/B3LYP/6-
3++G(d,p)) 

SCF energy (a.u) -1325.16694730 
EHOMO (58) (eV) -6.3960 
ELUMO (59) (eV) -2.5292 
EHOMO – ELUMO (∆E) (eV) 3.8668 
Ionization potential (I) = –EHOMO 6.3960 
Electron affinity (A) = –ELUMO 2.5292 
Electronegativity (χ) = (I + A)/2 4.4626 
Global hardness (η) = (I – A)/2 1.9334 
Chemical softness (ν = 1/η) 0.5172 
Chemical potential (µ) = –(I + A)/2 -4.4626 
Electrophilicity index (ω) = µ2/2η 5.1050 

 
From the analysis of MEP (Fig. 8d) and Mulliken atomic

charges, it can be concluded that the electron rich regions have
greatest ability to bind the metal surface (marked as red colour

in MEP as well as represent with more negative value in
Mulliken atomic charges) while the electron poor regions have
greatest ability to accept electrons (marked as blue regions in
MEP as well as represent with positive value in Mulliken atomic
charges). According to HSAB concept, hard acids tend to react
with hard bases and soft acids actively react with soft bases.
In the present case, Fe (soft acid) reacts with nitrogen atoms
(C=N) of triazole ring (soft base).

Summarizing the above results, it can be concluded that
the present investigated compound is able to donate electrons
to unoccupied d orbitals of metal surface forming coordinate
covalent bonds and can also accept free electrons from the metal
surface by using their anti-bonding orbitals to form feedback
bonds and thus, has excellent corrosion inhibition property.

Comparison: The results obtained from Tafel polarization
studies and EIS studies are in good agreement as indicated by
similar trend of inhibitor efficiency with increase in concen-
tration and temperature.

Compared to the inhibitor DBAMTT studied in the previous
work, the present inhibitor MTATT shows better inhibition
efficiency which may be due to the presence of sulphur atom
in the aldehyde moiety of the Schiff base compared to nitrogen
atom in the previous inhibitor. Sulphur being less electro-
negative than nitrogen has a greater tendency to share its lone
pair of electrons with the metal atom and thus exerts its inhi-
bitory action.

Conclusion

Based on the results of the present study it can be summa-
rized that synthesized Schiff base (5-methyl-4-[(E)-(thiophen-
2-ylmethylidene)amino]-4H-1,2,4-triazole-3-thiol) [MTATT]
acts as an efficient corrosion inhibitor on maraging steel in 1 M
HCl by affecting hydrogen evolution reaction and metal dissol-
ution thereby exerting mixed type inhibitory action. Also, effici-
ency of the inhibitor increases with an increase in temperature
and inhibitor concentration. The mode of inhibitor adsorption
follows Langmuir adsorption isotherm and results suggested
that the process is chemisorption.
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