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Abstract

The corrosion inhibition efficiency of (E)-3-phenyl-2-(1H-tetrazole-5-yl)acrylonitrile (PTA), (E)-3-(4-nitrophenyl)-2-(1H-
tetrazole-5-yl)acrylonitrile (NTA), and (E)-3-(4-hydroxyphenyl)-2-(1H-tetrazole-5-yl)acrylonitrile (HTA) on mild steel in 1 M HCl
was tested using experimental and theoretical methods. The results show that the inhibition efficiency increases with the increasing
concentration, and maximum values were obtained at a 40 mg L−1 concentration. The inhibition efficiency of the studied inhibitors
follows the order HTA (98.69%) > NTA (96.60%) > PTA (93.99%). Polarization studies suggest that the tetrazoles behave as cathodic
inhibitors. The adsorption of the tetrazoles on the mild steel surface obeys the Langmuir adsorption isotherm. In the present study,
the values of the free energy of adsorption (−�G0

ads) vary from 34.92 to 39.71 kJ mol−1. The adsorption of the tetrazoles on the mild

steel surface is supported by SEM, EDX and AFM studies. Quantum chemical calculations provide good support to the experimental
results.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  Introduction

Mild steel is a widely used construction material that
is easily corroded and solubilized in acid solution dur-
ing several industrial processes such as acid pickling,
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industrial cleaning, acid de-scaling and acidization of
oil wells [1]. Synthetic inhibitors are extensively used to
protect metals against corrosion because of their easy and
economical synthesis, good inhibition efficiency, and
low cost [2–4]. Previously, it has been reported that most
of the efficient inhibitors are synthetic compounds con-
taining heteroatoms (such as N, O, S, and P) in addition
to multiple bonds (double and triple bonds) and all forms
of aromatic rings [5]. These synthetic inhibitors adhere
on the metal surfaces and form a protecting surface film
at the metal/electrolyte interfaces. The adsorption of the
behalf of Taibah University. This is an open access article under the

synthetic inhibitors on the metal surface depends upon
numerous factors including the nature and number of
potential adsorption sites along with the nature of the
metal and testing medium [6].
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Fig. 1. Synthetic r

The present study is concerned with the corrosion
nhibition of mild steel in 1 M HCl by three tetrazole
erivatives, namely, (E)-3-phenyl-2-(1H-tetrazole-
-yl)acrylonitrile (PTA), (E)-3-(4-nitrophenyl)-2-
1H-tetrazole-5-yl)acrylonitrile (NTA), and (E)-
-(4-hydroxyphenyl)-2-(1H-tetrazole-5-yl)acrylonitrile
HTA), using weight loss, potentiodynamic polariza-
ion, electrochemical impedance spectroscopy (EIS),
canning electron microscopy (SEM), energy-dispersive
-ray spectroscopy (EDX), atomic force microscopy

AFM) and quantum chemical calculation methods. The
election of these compounds as corrosion inhibitors
s based on the consideration that tetrazole derivatives
a) can be easily synthesized from cheap, commercially
vailable materials, (b) exhibit high inhibition efficiency
ven at very low concentrations, (c) are highly soluble
n the test medium, and (d) contain several heteroatoms
n addition to polar functional groups (such as CN,
OH, and NO2), multiple bonds (double bonds) and
xtensive conjugation in the form of aromatic rings
hrough which they can adsorb on metal surfaces. A
iterature survey reveals that few systematic works
ave been reported on the corrosion inhibition property
f tetrazole derivatives [7–12]. Quantum chemical
alculations based on density functional theory (DFT)
ave been sufficiently developed as a powerful tech-
ique to study the interaction between inhibitors and
etal surfaces [13]. The application of DFT-based

alculations in the present case is constructed on the
oint that several theoretical parameters can be derived
or even a complex molecule at very low cost [14].
ome common theoretical parameters, namely, EHOMO,
LUMO, �E, dipole moment (μ), global hardness
ρ) and global softness (σ), were derived and discussed.

.  Experimental

.1.  Materials  and  sample  preparation
The weight loss and electrochemical experiments
ere performed on mild steel specimens having a chem-

cal composition (wt.%) 0.076 wt.% C, 0.192 wt.% Mn,
studied tetrazoles.

0.012 wt.% P, 0.026 wt.% Si, 0.050 wt.% Cr, 0.023 wt.%
Al, and the balance Fe. The exposed dimensions
were 2.5 cm ×  2.0 cm ×  0.025 cm and 1 cm2 for the
weight loss and electrochemical experiments, respec-
tively. Before exposure to the test solution, the exposed
areas were cleaned with SiC emery papers with differ-
ent grades (600–1200 mesh size), washed with deionized
water, degreased with acetone and finally dried and
stored in moisture-free desiccators. The test solution of
1 M HCl was prepared by diluting analytical grade HCl
(MERCK, 37%) in double deionized water.

2.2.  Synthesis  of  inhibitors

The tetrazoles used in the present study were synthe-
sized according to a previously described procedure [15],
as shown in Fig. 1. The completion of the reaction was
verified by the disappearance of the starting materials on
TLC plates. The characterization data, IUPAC names,
structures and abbreviations used for the synthesized
tetrazoles are given in Table 1.

2.3.  Weight  loss  measurements

The weight loss experiments were performed by
immersing the mild steel specimens in 100 ml of test
solution without and with different concentrations of
the tetrazoles. After 3 h immersion time, the mild steel
specimens were taken out, cleaned with distilled water,
dried and accurately weighed. Each experiment was per-
formed in triplicate to ensure reproducibility, and the
mean value was reported. The inhibition efficiency (η%)
was calculated using the relation

η% = w0 −  wi

w0
×  100 (1)

where w0 and wi are the weight loss (in mg) in the
absence and presence of the tetrazoles, respectively.
From the calculated η%, the surface coverage (θ) was

derived using the equation

θ  = η%

100
(2)
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Table 1
IUPAC name, molecular structure, molecular formula, melting point and analytical data of studied tetrazoles.

S. no. IUPAC name Chemical structure Analytical data

1 (E)-3-Phenyl-2-(1H-
tetrazole-5-yl)acrylonitrile
(PTA)

Cream color powder, mol. wt.
C10H7N5: MP 167–170 ◦C,
IR (KBr, 1 cm–1): 3596,
2278, 2142, 1626, 1614,
1428, 1386, 1H NMR
(300 MHz, DMSO, δ, ppm):
3.89, 4.24, 7.63, 8.27, 8.53

2 (E)-3-(4-Nitrophenyl)-2-(1H-
tetrazole-5-yl)acrylonitrile
(NTA)

Cream color powder, mol. wt.
C10H6N6O2: MP
166–168 ◦C, IR (KBr,
1 cm–1): 3354, 3318, 2253,
1608, 1573, 1436, 1H NMR
(300 MHz, DMSO, δ, ppm):
3.42, 4.71, 8.18, 8.36, 8.48

3 (E)-3-(4-Hydroxyphenyl)-2-
(1H-tetrazole-5-
yl)acrylonitrile
(HTA)

White color powder, mol. wt.
C10H7N5O: MP 158–161 ◦C,
IR (KBr, 1 cm–1): 3563,
3323, 2238, 1603, 1577,
1509, 1412, 1H NMR
(300 MHz, DMSO, δ, ppm):
5.45, 6.89, 7.28, 8.28, 9.46
2.4.  Electrochemical  measurements

A conventional three-electrode cell consisting of a
mild steel specimen having a working area of 1 cm2

as a working electrode, a platinum mesh as a counter
electrode and saturated calomel as a reference electrode
was used for all electrochemical measurements. Before
each measurement, the specimens were allowed to cor-
rode freely, and their OCPs (open circuit potentials) were
measured as a function of time to obtain the steady-state
potential. The anodic and cathodic Tafel curves were
recorded by applying a current of ±0.25 mV with respect

to the OCP at a sweep rate of 1.0 mV s−1. The EIS study
was carried out under potentiodynamic conditions using
an AC signal of a 10 mV amplitude sinusoidal current,
after the stabilization of the OCP in the frequency range
of 100 kHz–0.01 Hz.

2.5.  Surface  measurements

The surface morphological study of the working
electrode after 3 h immersion time with and without
tetrazoles at a 5 kV accelerating voltage was performed
using an SEM model Zeiss Evo 50 XVP instrument at
500× magnification. The change in the elements present

at the surface of the working electrode was determined
by an EDX detector coupled with SEM. Atomic force
microscopy (AFM) was performed with and without
tetrazoles using an NT-MDT multimode AFM (Russia)
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Table 2
The weight loss parameters obtained for mild steel in 1 M HCl con-
taining different concentrations of tetrazoles.

Inhibitor Conc
(mg L−1)

CR

(mg cm−2 h−1)
Surface
coverage (θ)

η%

Blank 0.0 7.66 – –
PTA 10 1.96 0.7441 74.41

20 1.00 0.8695 86.95
30 0.66 0.9138 91.38
40 0.46 0.9399 93.99

NTA 10 1.90 0.7519 75.19
20 0.86 0.8877 88.77
30 0.43 0.9438 94.38
40 0.26 0.9660 96.60

HTA 10 1.46 0.8093 80.93
20 0.53 0.9308 93.08
30 0.20 0.9738 97.38
40 0.10 0.9869 98.69
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Fig. 3. Arrhenius plot of log CR versus 1000/T for mild steel corrosion
in 1 M HCl.

Table 3
Values of activation energies for mild steel dissolution in 1 M HCl in
the absence and at optimum concentration of tetrazoles.

Inhibitor Ea (k J mol−1)

Blank 28.48
PTA 62.40
Temperature (K)

Fig. 2. Variation of inhibition efficiency with temperature.

ontrolled by a Solver scanning probe microscope con-
roller.

.6.  Quantum  chemical  measurements

Quantum chemical calculations were carried out
sing the standard Gaussian 03, E.01 software package
16]. The molecular optimization of the studied tetra-
oles was achieved using the functional hydride
3LYP density functional theory (DFT) formalism,
aving an electron basis set 6-31G (d, p) for all
toms. The quantum chemical parameters were cal-
ulated for molecules in the neutral as well as
rotonated form for comparison. It is well known that

he phenomenon of electrochemical corrosion occurs
n the liquid phase. Quantum chemical parameters
uch as the ELUMO (energy of the highest occu-
ied molecular orbital), EHOMO (energy of the lowest
NTA 48.75
HTA 45.95

unoccupied molecular orbital), �E  = EHOMO −  ELUMO
(energy band gap), dipole moment (μ), global soft-
ness (σ), and global hardness (ρ) were measured and
discussed.

3.  Results  and  discussion

3.1.  Weight  loss  experiments

3.1.1.  Effect  of  tetrazole  concentration
Table 2 presents the variation of the corrosion rate

(CR) and percentage inhibition efficiency (η%) obtained
in the weight loss experiments at different tetrazole con-
centrations in 1 M HCl at 308 K. The results show that
the η% increases upon increasing the tetrazole concen-
trations, and maximum values of η% for all studied
tetrazoles were obtained at 40 mg L−1. A further increase
in concentration did not cause any significant change in
the inhibition performance. The η% of the three stud-
ied tetrazoles follows the order HTA (98.69%) > PTA
(96.52%) > NTA (93.91%).

3.1.2. Effect  of  temperature

The weight loss experiments were also performed at

different temperatures (308–338 K) in the absence and
presence of tetrazoles at 40 mg L−1 concentration for 3 h
immersion time. Fig. 2 presents the variation of the η%
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Fig. 4. Langmuir isotherm plots for the adsorption of tetrazoles on
mild steel surface in 1 M HCl.

Table 4
The values of Kads and �G0

ads for mild steel in absence and presence
of optimum concentration of tetrazoles in 1 M HCl at different studied
temperature.

Inhibitor Kads (104 M−1) −�G0
ads (k J mol−1)

308 318 328 338 308 318 328 338

PTA 1.85 0.98 0.87 0.85 34.92 35.45 35.76 36.73

Fig. 5. OCP curves for mild steel in 1 M HCl without and with
40 mg L−1 concentrations of tetrazoles.
NTA 3.32 1.60 1.49 1.44 36.22 36.96 37.17 38.21
HTA 9.04 3.47 1.23 0.56 37.61 38.68 39.52 39.71

with the solution temperature. It is observed that η%
decreases upon increasing the temperature. Moreover,
from Fig. 2, it is observed that the decrease in η% upon
increasing the solution temperature is more pronounced
in the lower temperature range, whereas in the high tem-
perature range, a very slight change was observed. This
decrease in η% at elevated temperatures might be due to
the desorption of adsorbed tetrazole molecules, leading
to a larger exposure of the metal to the acid solution.
Moreover, the decrease in the inhibition performance
upon increasing the solution temperature indicates the
physical adsorption [17]. The value of the apparent acti-
vation energy (Ea) provides mechanistic information
about the adsorption of the inhibitor on the metal sur-
face. The value of Ea in the present case was calculated
by applying the Arrhenius equation,

CR =  A  exp

(−Ea

RT

)
(3)

where CR is the corrosion rate, R  the gas constant,
T the absolute temperature, and A  the pre-exponential
factor. A plot of log CR vs. 1000/T  for the inhibited and

uninhibited mild steel specimens is shown in Fig. 3,
from the slope of which values of Ea were calcu-
lated, as given in Table 3. Inspection of the tabulated
data reveals that the values of Ea for the inhibited
Fig. 6. Polarization curves for mild steel in the absence and presence
of the optimum concentration of tetrazoles.

solution are always higher than those of the uninhib-
ited solution, suggesting the retardation of the corrosion
process through the formation of a protective surface
metal-inhibitor complex [18,19]. The higher values of
Ea in the presence of tetrazoles suggest that tetrazoles
inhibit mild steel corrosion by forming an energy barrier
to the corrosion process [19].

3.1.3. Adsorption  isotherms
Because the adsorption isotherm provides some struc-

tural and thermodynamic information, it is of great
importance in the corrosion field [20]. Generally, the
adsorption of synthetic inhibitors is largely influenced
by the nature of the testing media, the chemical structure
and nature of substituents, the charge distribution, and

the nature of the metal [21]. To find a suitable adsorp-
tion isotherm in the present study, several commonly
used isotherms were tested, among which the Langmuir
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Table 5
Tafel polarization parameters for mild steel in 1 M HCl in absence and presence of tetrazoles at 40 mg L−1 concentration.

Inhibitor Ecorr (mV/SCE) icorr (�A/cm2) βa (mV/dec) βc (mV/dec) θ η%

Blank −445 1150 70.5 114.6 – –
NTA −459 61.3 58.4 177.3 0.9466 94.66
PTA −490 40.3 68.1 266.2 0.9649 96.49
HTA −528 26.0 52.4 165.6 0.9773 97.73

Fig. 7. (a) Nyquist plot for mild steel in 1 M HCl without and with opti-
mum concentrations of tetrazoles. (b) Equivalent circuit model used
to fit the EIS data. (c) Bode (log f vs log |Z|) and phase angle (log f vs.
α0) plots for mild steel in 1 M HCl in the absence and presence of the
optimum concentration of tetrazoles.
adsorption isotherm was found to fit well with our exper-
imental data. The Langmuir isotherm can be represented
as

C(inh)

θ
= 1

K(ads)
+  C(inh) (4)

where C(inh) is the inhibitor concentration, Kads is
the equilibrium constant for the adsorption–desorption
process and θ  is the surface coverage. The values
of Kads were calculated with the help of the Lang-
muir plot shown in Fig. 4. The Kads is related to
the standard free energy (�G0

ads) of adsorption by the
relation [22]

�G0
ads =  −RT  ln(55.5Kads) (5)

where R  is the universal gas constant, T  is the abso-
lute temperature in K, and the numerical value 55.5
represents the molar concentration of water in the acid
solution. The calculated values of Kads and �G0

ads at
the different studied temperatures are listed in Table 4.
Generally, a high value of Kads is associated with high
adsorption efficiency. In our present case, the values
of Kads follow the order NTA < PTA < HTA, which is
consistent with the order of the inhibition efficiency.
The negative values of �G0

ads (Table 4) suggest that
the tetrazoles are spontaneously adsorbed on the mild
steel surface [23]. Generally, a value of �G0

ads of
−20 kJ mol−1 or less negative is associated with phys-
ical adsorption resulting from electrostatic interaction
between a charged inhibitor and charged metal, and
a value of �G0

ads of −40 kJ mol−1 or more nega-
tive is associated with chemical adsorption resulting
from charged (electron) sharing between non-bonding
�-electrons of the inhibitor and the d-orbitals of the
surface Fe-atoms [24]. In our present study, the val-
ues of �G0

ads were found to be between −34.92 and
−39.71 kJ mol−1, suggesting that the investigated tetra-
zoles are adsorbed on the mild steel surface by a

physiochemisorption mechanism [25]. Further, careful
examination of the results shows that the values of �G0

ads
are closer to −40 kJ mol−1, suggesting that although
the tetrazoles are adsorbed by a physiochemisorption
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Table 6
EIS parameters obtained for mild steel in 1 M HCl in absence and presence of tetrazoles at 40 mg L−1 concentration.

Inhibitor Rs (
 cm2) Rct (
 cm2) Cdl (�F cm−2) n θ η%

Blank 1.12 9.58 106.21 0.827 – –
NTA 1.005 345.59 28.09 0.840 0.9722 97.22
PTA 0.858 420.54 27.90 0.856 0.9722 97.72
HTA 0.999 486.60 18.06 0.859 0.9803 98.03

es and i
Fig. 8. SEM images of mild steel: (a) in the absence of tetrazol

mechanism, they are predominantly adsorbed by a
chemisorption mechanism [26].

3.2.  Electrochemical  measurements

3.2.1.  Open  circuit  potential  (OCP)  curves
The potential developed on the mild steel (work-

ing) electrode relative to the potential of the reference

(saturated calomel) electrode is termed the open circuit
potential (OCP). The stabilization of the OCP is essential
before performing the electrochemical measurements.
The variation of the OCP of the working electrode with
n the presence of 40 mg L−1of (b) NTA, (c) PTA, and (d) HTA.

respect to time (for 200 s) in the 1 M HCl in absence
and presence of 40 mg L−1 concentrations of the stud-
ied tetrazoles is shown in Fig. 5. The OCP curves were
recorded after allowing the working electrode to corrode
freely for 30 min, which is essential for the stabiliza-
tion of the steady-state potential. The OCP curves give
a straight line in the absence and presence of tetrazoles,
suggesting that the steady-state potential has been estab-
lished after 30 min immersion. It can be observed from

the OCP curves that in the presence of tetrazoles, the
steady-state potential (Ecorr) shifts toward the more neg-
ative direction without changing the common features of
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he OCP vs. time curves. This suggests that the tetrazoles
atalyze the oxide film dissolution [27].

.2.2. Potentiodynamic  polarization  studies
The potentiodynamic polarization study was per-

ormed in the absence and presence of the optimum
oncentrations of the studied tetrazoles. The cathodic
nd anodic polarization curves of mild steel in 1 M HCl
re shown in Fig. 6, and the corresponding polarization
arameters, including the corrosion potential (Ecorr), cor-
osion current density (icorr) and Tafel slopes (βa and βc),
ere derived from the extrapolation of the linear seg-
ents of the cathodic and anodic Tafel curves and are

iven in Table 5. From the evaluated icorr values, η% was
alculated using the relation [28]

% = i0corr −  iicorr

i0corr
×  100 (6)

here i0corr and iicorr are the corrosion current densities in
he absence and presence of tetrazoles, respectively. An
nspection of Fig. 6 and Table 5 suggests that the pres-
nce of tetrazoles causes a remarkable decrease in the
corr values by shifting both the anodic and cathodic Tafel
lopes toward low current. Furthermore, it is observable
hat the shapes of the polarization curves are similar
n the absence and presence of tetrazoles, suggesting
hat the tetrazoles inhibit mild steel corrosion by simply
dsorbing on the mild steel surface without changing the
echanism of mild steel dissolution [29]. An inhibitor

an be categorized as anodic, cathodic and/or mixed
ype depending upon the displacement in the values
f Ecorr. If the displacement in the Ecorr value for the
nhibited and uninhibited solutions exceeds 85 mV, then
he inhibitor can be classified as a particular (cathodic or
nodic) type. However, if the displacement in the Ecorr
alues is less than 85 mV, then the inhibitor can be clas-
ified as mixed type. In our present case, the maximum
isplacements in the Ecorr values were 14 mV (NTA),
5 mV (PTA) and 83 mV (HTA), suggesting that all the
tudied tetrazoles behave as mixed type [30]. Moreover,
n examination of the results shows that the cathodic
eactions are more affected than the anodic reactions,
uggesting that although the tetrazoles act as mixed type
nhibitors, they have a pronounced effect on cathodic
eactions (predominantly cathodic type) [31,32].

.2.3. Electrochemical  impedance  studies

Nyquist plots in the absence and presence of the opti-

um (40 mg L−1) concentration of the studied tetrazoles
n 1 M HCl are shown in Fig. 7a. It is observed that
he Nyquist spectra with and without tetrazoles show a
ity for Science 10 (2016) 718–733 725

large capacitive loop in the high-frequency region, which
is a characteristic feature of the metal-corroding sys-
tem in acid solution. The large capacitive loop in the
high-frequency region is attributed to the charge transfer
processes and to the formation of the protective surface
covering by the tetrazoles [33]. Moreover, the shapes
of the impedance spectra are similar in the absence
and presence of tetrazoles, suggesting that tetrazoles
inhibit corrosion by adsorbing onto the mild steel sur-
face without affecting the common mechanism of metal
dissolution [34]. To find suitable EIS parameters, the
Randle’s equivalent circuit shown in Fig. 7b was used,
consisting of a solution resistance (Rs) a charge trans-
fer resistance (Rct) and a constant phase element (CPE).
The EIS parameters such as Rs, Rct, Cdl, n, and η% were
calculated using the above-mentioned equivalent circuit
and are given in Table 6. η%  was calculated with the help
of Rct using the relation [28]

η% = Ri
ct −  R0

ct

Ri
ct

×  100 (7)

where R0
ct and Ri

ct are the charge transfer resistances
without and with tetrazoles, respectively.

The value of the double-layer capacitance (Cdl) can
be calculated by the equation:

Cdl =  (Q  R1−n
ct )

1/n
(8)

where Q  is the CPE constant and n  is the CPE exponent
that is related to the surface roughness. Generally, the
low value of n is associated with high surface imper-
fection due to the presence of surface chloride ions and
corrosion products, as well as of structural and interfa-
cial origin [34]. In our present measurements, the value
of n  was 0.827 for the uninhibited specimen, while for
the inhibited specimens, the values were 0.840 (NTA),
0.856 (PTA) and 0.859 (HTA). The increased values of n
in the presence of the different tetrazoles suggest that the
surface imperfection decreases due to the formation of a
protective surface film [35,36]. It is clear from the results
depicted in Table 6 that the value of Rct increases whereas
the value of Cdl decreases in the presence of tetrazoles.
This increase in Rct and decrease in Cdl are attributed
due to a decrease in the local dielectric constant and/or
to an increase in the thickness of the electrical double
layer [37,38].

The Bode modulus and phase angle plot in the absence
and presence of optimum concentrations of the studied

tetrazoles at their open circuit potential are shown in
Fig. 7c. A careful examination of the Bode plot reveals
that the value of log|Z|  and the phase angle fall to zero
in the high-frequency region, which is a characteristic
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es and i
Fig. 9. EDX spectra of mild steel: (a) in the absence of tetrazol

resistive response to the solution resistance enclosed
between the working electrode and the reference elec-
trode [39,40]. However, in the intermittent frequency
region, the Bode plots give a linear relationship between
log|Z| and log f, with a slope near −1 and a phase angle
value close to −70◦, which appears to be a capacitive
response of mild steel in acid solution. For an ideal
capacitor, the values of the phase angle and slope should
be −90◦ and −1, respectively. The deviation from the
ideal capacitive behavior in the present case is might
be due to the presence of surface imperfections [41].
The close visualization of the Bode plots further shows
that the value of the phase angle remarkably increases
in the presence of tetrazoles. The increased values of
the phase angle in presence of tetrazoles suggest that the
surface imperfection decreases due to the formation of a
protective film [42].

3.3.  Surface  studies

3.3.1.  Scanning  electron  microscopy  (SEM)  studies

To support our conclusion that the tetrazoles form

protective surface films, SEM micrographs of the mild
steel surface were recorded in the absence and presence
of tetrazoles at 40 mg L−1 concentration, as shown in
n the presence of 40 mg L−1of (b) NTA, (c) PTA, and (d) HTA.

Fig. 8. It is seen (Fig. 8a) that in the absence of tetrazoles,
the surface roughness is very high, suggesting that the
mild steel surface is quite susceptible to corrosion in
aggressive 1 M HCl solution. However, in the presence
of tetrazoles at a 40 mg L−1 concentration, the surface
morphologies (Fig. 8b–d) are remarkably improved.
This is attributed to the formation of a protective surface
film that isolates the mild steel from the aggressive acid
solution.

3.3.2. Energy-dispersive  X-ray  spectroscopy  (EDX)
studies

To further support our weight loss and electrochemi-
cal finding that the tetrazoles inhibit mild steel corrosion
by forming a protective film on the surface, we recorded
the EDX spectra in the absence and presence of tetra-
zoles at 40 mg L−1 concentration and determined the
elemental composition using energy-dispersive X-ray
spectroscopy (EDX). The EDX spectra so obtained
are shown in Fig. 9, and the elemental composition is
given in Table 7. The EDX spectrum in the absence

of tetrazoles shows characteristic signals for only iron
and carbon. However, in the presence of the different
studied tetrazoles (Fig. 9b–d) the EDX spectra show
some additional signals corresponding to nitrogen, and
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Table 7
Percentage atomic contents of elements obtained from EDX spectra of
tetrazoles.

Fe C N O

Blank 63.09 36.10 – –
PTA 65.27 27.85 6.79 –
N
H
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TA 62.74 21.48 4.89 10.87
TA 61.54 21.65 7.42 9.24

xygen, suggesting the presence of these elements on the
urface, which could be due to the absorption of studied
nhibitors on the mild steel surface. A careful examina-
ion of the EDX spectra shows that the intensity of the
ignals corresponding to iron significantly decreased in
he presence of tetrazoles due to their significant surface
overage.

.3.3. Atomic  force  microscopy  (AFM)  studies
The AFM micrographs of the mild steel surface after

 h immersion time in the absence and presence of the
ptimum concentration of the studied tetrazoles in 1 M
Cl are shown in Fig. 10. Fig. 10a shows the AFM micro-
raph in the absence of tetrazoles, which is characterized
y a very rough electrode surface due to aggressive
ttack by acid. In the absence of tetrazoles, the calcu-
ated average surface roughness was 392 nm. However,
n the presence of different tetrazoles (Fig. 10b–d) at
0 mg L−1 concentration, the AFM micrographs show
emarkable improvement in the surface morphology,
hich could be due to the adsorption and formation of

 protective film by the tetrazoles on the mild steel sur-
ace. The calculated average surface roughnesses were
38, 95 and 76 nm in the presence of PTA, NTA and
TA, respectively.

.4.  Quantum  chemical  calculations

.4.1.  Quantum  chemical  calculations  for  neutral
orms of  inhibitors

In the present study, quantum chemical calculations
ere performed to validate the experimental findings.
ome common theoretical parameters such as the energy
f the highest occupied molecular orbital (EHOMO),
nergy of the lowest unoccupied molecular orbital
ELUMO), EHOMO–ELUMO energy gap (�E), dipole
oment (μ, Debye), global hardness (ρ), and global soft-

ess (σ), which provide significant information about the
eactivity and adsorption characteristics of the inhibitors,

ere derived. The calculated theoretical parameters are
iven in Table 8. Figs. 11 and 12 present the optimized
nd frontier molecular orbital pictures of the studied
etrazoles. It is well established that the value of EHOMO
Fig. 10. AFM images of mild steel: (a) in the absence of tetrazoles and
in the presence of 40 mg L−1of (b) NTA, (c) PTA, and (d) HTA.

is often related to the electron donating tendency of the
inhibitor molecules into the unoccupied d-orbital of the
metal, whereas the value of ELUMO is often related with

the electron acceptability of the inhibitor molecules from
the unoccupied d-orbital of the surface Fe-atoms [43,44].
The energy gap (�E) is another important parameter,
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Table 8
Quantum chemical parameters for different tetrazoles calculated in gas phase.

Inhibitor Dipole movement (μ) EHOMO (Hartree) ELUMO (Hartree) �E (Hartree) Hardness (ρ) Softness (σ)

NTA 3.0774 −0.11721 −0.09592 0.11125 0.055625 17.9775
PTA 3.6365 −0.14874 −0.09913 0.08996 0.04498 22.2321
HTA 8.7744 −0.17760 −0.13725 0.04035 0.020175 49.5662

ructure
Fig. 11. Optimized st

providing a measure of the chemical reactivity and com-
plexation on the metal surfaces [45]. Generally, a low
value of �E  is associated with high chemical reactivity
and therefore high inhibition efficiency [46,47]. In the
present measurements, the values of �E  follow the order
HTA < PTA < NTA, which is the reverse of the order of
inhibition efficiency. The decrease in the energy gap
(�E) is consistent with the corresponding increase in
global softness (σ) and decrease in global hardness (ρ).
Generally, the hardness and softness are related to the
molecular stability and reactivity. A soft molecule has
a smaller energy gap between the EHOMO and ELUMO,
related to higher chemical reactivity and inhibition effi-
ciency, whereas a hard molecule has a larger energy
gap between the EHOMO and ELUMO, related to lower

chemical reactivity and inhibition efficiency [48]. Gen-
erally, the inhibition efficiency increases upon increasing
the dipole moment (μ) [13]. The larger dipole moment
values (Table 8) of the tetrazoles with respect to the
 of studied tetrazoles.

dipole moment of water (1.88 Debye) suggest that they
have a stronger dipole–dipole interaction with the mild
steel surface compared to water [48]. The increase in
the dipole moment increases the extension polariza-
tion, resulting in an increase in the molecular volume
and thereby an increase in the inhibition efficiency
[36].

3.4.2.  Quantum  chemical  calculations  for  the
protonated  form  of  the  inhibitors

Due to the presence of several nitrogen atoms, the
tetrazoles considered in the present study have a strong
tendency to be protonated in acidic solution. The frontier
molecular orbital pictures of the protonated studied tetra-
zoles are shown in Fig. 13, and calculated parameters

such as the energy of the highest occupied molecu-
lar orbital (EHOMO), energy of the lowest unoccupied
molecular orbital (ELUMO), EHOMO–ELUMO energy gap
(�E), dipole moments (μ, Debye), global hardness (ρ),
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ig. 12. Frontier molecular orbital of studied tetrazoles: (a) NTA (left
left, HOMO; right, LUMO).

nd global softness (σ) are given in Table 9. It may be
bserved that most of the quantum chemical parame-
ers for the protonated forms of the tetrazoles are in
ccordance with the quantum chemical parameters
btained for the neutral forms. The dipole moment
ollows the order HTA > PTA > NTA, which is in
ccordance with the order of inhibition efficiency.

he inhibition efficiency also increases with the
ecreasing energy gap (�E) between EHOMO and
LUMO. Obviously, the values of global softness (σ) and

nhibition follow the order HTA > PTA > NTA.
O; right, LUMO), (b) PTA (left, HOMO; right, LUMO) and (c) HTA

4.  Mechanism  of  inhibition

Fig. 14 shows the skeleton representation of the
adsorption of the tetrazole molecules on the mild steel
surface. Generally, the adsorption of the inhibitor on
the metal surface is a complex phenomenon that can be
considered as physiochemisorption (mixed adsorption)

rather than purely physical or chemical adsorption [49].
The physical adsorption occurs via electrostatic interac-
tion between the oppositely charged inhibitor molecule
and metal surface, whereas chemical adsorption takes
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trazoles
Fig. 13. Frontier molecular orbital for protonated forms of studied te
LUMO) and (c) HTA (left, HOMO; right, LUMO).

place via donor–acceptor interactions between unshared

electron pairs of heteroatoms (such as N, O), �-electrons
of the multiple bonds of aromatic rings and polar func-
tional groups with the empty d-orbital of the surface

Table 9
Quantum chemical parameters for different protonated tetrazoles calculated i

Inhibitor Dipole movement (μ) EHOMO (Hartree) ELUMO

NTA 1.6270 −0.10319 −0.0400
PTA 3.2903 −0.07801 −0.1189
HTA 8.627 −0.08334 −0.0996
: (a) NTA (left, HOMO; right, LUMO), (b) PTA (left, HOMO; right,

iron atoms [50]. The heteroatoms present in the inhibitor

molecule get protonated in aqueous acidic solution due to
the presence of unshared electron pairs on them. It is well
known that the mild steel surface is positively charged

n aqueous phase.

(Hartree) �E (Hartree) Hardness (ρ) Softness (σ)

56 0.06313 0.03156 31.6856
5 −0.04094 −0.02047 48.8511
2 −0.01628 −0.00814 122.8501
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ig. 14. Pictorial representation of the adsorption behavior of the tetra-
oles on mild steel in 1 M HCl solution.

ith respect to the potential of zero charge (PZC) in
ydrochloric acid solutions [51]. Because the chloride
ons have a small degree of hydration, they preferably
dsorb on the positively charged metal surface [52]. The
ositively charged inhibitor molecule attracts the nega-
ively charged mild steel (due to adsorption of chloride
ons) via electrostatic interaction (physisorption). How-
ver, due to loss of H2 gas on the cathode, the cationic
orm of the inhibitor reverts to its neutral form, and
he heteroatoms with free unshared electron pairs are
dsorbed by donor–acceptor interactions (chemisorp-
ion) [53]. This suggests that physisorption is only a
recursor stage of the chemisorption. In the present
tudy, the efficiency of the studied tetrazoles follows
he order HTA > PTA > NTA. The best inhibition perfor-

ance of the HTA among studied tetrazoles is attributed
ue to the presence of the ring activator OH group in the
henyl moiety, whereas the lowest inhibition efficiency
f NTA is due to the presence of the ring deactivator
NO2 group in the phenyl moiety.

.  Conclusions

The present study shows that the investigated tetra-
oles are efficient corrosion inhibitors for mild steel
n 1 M HCl, and their order of inhibition efficiency is
TA > PTA > NTA. Weight loss measurements show that

he extent of surface coverage and inhibition efficiency
ncreases with the tetrazole concentrations, and the max-

−1
mum inhibition efficiency was obtained at 40 mg L
oncentration. The adsorption of tetrazoles on the mild
teel surface obeys the Langmuir adsorption isotherm.
he values of the activation energy (Ea) show that

[

ity for Science 10 (2016) 718–733 731

tetrazoles inhibit mild steel corrosion by forming an
energy barrier to the corrosion process. The values of
the Gibbs free energy suggest that the tetrazoles have
a strong tendency to adsorb spontaneously on the mild
steel surface. Polarization studies show that tetrazoles
are cathodic inhibitors. EIS measurements indicate that
the thickness of the electric double layer increases due to
the adsorption of tetrazoles at the metal/electrolyte inter-
face. SEM and EDX studies indicate that the tetrazoles
form a protective surface covering. A good correlation
has been found between quantum chemical calculations
and the results obtained experimentally.
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