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Abstract
The optimal inhibition efficiency of DBTA (4-Dimethylamino-benzylidene)-[1, 3, 4]thiadiazol-2-yl-amine) for MS (mild 
steel) in 1.0 M hydrochloric acid solution was achieved through employing electrochemical impedance spectroscopy (EIS) 
and weight loss techniques in addition to Scanning Electron Microscopy (SEM). Theoretical calculations based on Density 
functional theory (DFT) method were carried out for DBTA. Investigations of the mechanism for the corrosion inhibition 
for MS with DBTA in acidic solution by molecular simulations were performed. The results demonstrated that DBTA is an 
excellent corrosion inhibitor for MS in corrosive solution, and the inhibitory effectiveness was 91%, much higher than that 
expected at the highest concentration of DBTA. Spontaneous process of adsorption of DBTA on the mild steel surface was 
proved based on Langmuir adsorption isotherm.
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1 Introduction

The use of corrosion inhibitors is very important in the 
industrial process. Corrosion inhibitors play an important 
role in metal corrosion protection by preventing the metal 
from undergoing corrosion in aggressive media such as 
hydrochloric acid, phosphoric acid, and sulfuric acid [1]. 
1,3,4-thiadiazole is a five-membered heterocyclic scaffold 

which has diverse physicochemical properties and exhib-
its different biological activities. Thiadiazoles have sig-
nificant roles as corrosion inhibitor scaffold due to the 
presence of functional CN, CS, amine, and N–N groups. 
Moreover, Thiadiazole possesses π electrons and can be 
easily bonded to the surface of MS and thus decrease 
the corrosion rate [2]. Thiadiazole moiety demonstrates 
inhibition efficiencies for mild steel in 1 M HCl [3]. A 
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non-cytotoxic substance of 1,3,4-thiadiazole was synthe-
sized, which showed potential of corrosion inhibition for 
mild steel in 1 M HCl and 0.5 M  H2SO4 at 30 °C [4]. 
Substituted thiadiazoles were found to have considerable 
corrosion inhibition efficiency for N80 Steel in HCl Solu-
tion [5]. Corrosion inhibition efficiency of the newly syn-
thesized inhibitor DBTA solution as shown in Scheme 1 
has been studied previously [6, 7].

DBTA improved the corrosion-resistant effectiveness 
compared with reported heterocyclic scaffolds at lower 
concentrations due to effect of the functionalized 1,3,4-thia-
diazole scaffold in an acidic environment. DFT was utilized 
to see the corrosion inhibitory effectiveness of the studied 
inhibitors. These strategies are modest, efficient, and pro-
vide itemized data about the system of corrosion inhibition 
in correlation with traditional techniques, and help simu-
late the acquired experimental results with EHOMO (high 
occupied molecular orbital energy), ELUMO (low unoccupied 
molecular energy), ΔE (energy gap), I (Ionization poten-
tial), X (Electron affinity), s (chemical softness), η (global 
hardness), χ (electronegativity index), and ω (electrophi-
licity index) from DBTA to mild steel [8–10]. The aim of 
the present study is to investigate the corrosion inhibitory 
effectiveness of DBTA for mild steels in corrosive solution 
by means of electrochemical measurement (electrochemical 
impedance spectroscopy) and gravimetric technique (weight 
loss). Surface analyses of MS coupons in the presence of 
DBTA were carried out to analyze the protective inhibi-
tor film. DFT calculations were additionally performed to 
investigate the correlations between methodological obser-
vations and theoretical calculated values.

2  Experimental Work

2.1  Materials and Methods

Chemicals were acquired from SigmaAldrich Malaysia. 
FTIR spectra were acquired by Shimadzu 8300 spectrom-
eter. CHN investigations were performed utilizing Carlo 
Erba 5500 CHN elemental analyzer. NMR (Nuclear mag-
netic resonance) was performed using Bruker Spectrospin 
instrument equipped with 300 MHz UltraShield using 
d6-DMSO and TMS (as a solvent and internal standard, 
respectively).

2.2  Synthesis of DBTA

A mixture of 1,3,4-thiadiazol-2-amine (0.01  mol) and 
4-(dimethylamino)benzaldehyde (0.01  mol) in ethanol 
(100 mL) was refluxed in water bath for 30 min. After com-
pletion of the reaction, ice-water was added, and the pre-
cipitate formed was washed with hydrochloric acid (2%) 
after filtration. Ethanol was used as recrystallization solvent 
to yield 56.3% of DBTA; m.p. 255–259 °C. FT-IR  cm−1; 
3050 (C–H aromatic), 1565 (C=N), and 2920. 1H NMR in 
 d6-DMSO; d: 9.16 ppm (1H, CH), d: 8.55 ppm (1H, CH), m: 
6.83–7.46 (C–H, Ar) and s: 3.07 (6H, C–H, aliphatic). 13C 
NMR in  d6-DMSO: 43.1, 113.7, 126.9, 127.7, 128.7, 150.9, 
151.3, and 162.12. CHN Analysis for CS; Found (Calcu-
lated): C, 57.16% (56.87); H, 5.44% (5.21); N, 24.98% 
(24.12).

2.3  Samples’ Preparation

Mild steel specimens were obtained from Gamry Instru-
ments Inc. and were utilized as base substrates for the 
gravimetric corrosion tests each with an active surface area 
of 4.5 cm2 and having following elemental configuration: 
“Fe, 99.21; C, 0.21; Si, 0.38; P, 0.09; S, 0.05; Mn, 0.05; 
and Al, 0.01 (wt%)”. The ASTM standard procedure G1-03 
was employed to clean the tested coupons [11]. The diluted 
hydrochloric acid has been prepared employing 37% HCl in 
water and utilized for all the tests. Hydrochloric acid with 
1.0 M and with various DBTA concentrations: 0.1, 0.2, 0.3, 
0.4, and 0.5 mM have been used as testing solutions. For 
comparison, blank solution was used in the absence of the 
DBTA.

2.4  Gravimetric Measurements

The gravimetric measurements for the mild steel samples 
in 1.0 M HCl in the absence of corrosion inhibitor DBTA, 
or in the presence of various concentrations (starting from 
zero concentration) of corrosion inhibitor at 303, 313, 323, 
and 333 K for 6 h., were performed for the analysis. After 
specific exposure period, the MS coupons were separated. 
The losses in weights were evaluated by the variation in 
weights of the MS coupons before and after exposure. Vari-
ous parameters such as CR, η%, and θ (corrosion rate, corro-
sion inhibition efficiency, and MS surface coverage, respec-
tively) were calculated using Eqs. 1–3, [12, 13].

(1)CR =
W

At

(2)�% =
CR − CR(i)

CR

× 100

N
S

N NH
CN

H3C

H3C

Scheme 1  Structure of DBTA
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where W  is the loss in weight in mg, A  is the coupon area 
in  cm2, t  is the exposure time in hours, CR is the corrosion 
rate.

2.5  Electrochemical Measurement

Electrochemical impedance spectroscopy (EIS) was per-
formed at the steady-state corrosion potential using a 
Gamry water-jacketed glass cell. The cell contained three 
electrodes, working, counter and reference electrodes, which 
were composed of mild steel, a graphite bar and a saturated 
calomel electrode (SCE), respectively. The measurements 
were performed using the Gamry Instrument Potentiostat/
Galvanostat/ZRA (REF 600) model (Gamry, Warminster, 
PA, USA). DC105 and EIS300 software by Gamry were 
used to perform the corrosion potential, electrochemical 
impedance spectroscopy (EIS) measurements. EIS meas-
urements were performed using the AC signals of the 
5 mV peak-to-peak amplitude at the corrosion potential in 
the frequency range of 100 kHz to 0.1 Hz. All impedance 
data were fit to appropriate equivalent circuits (ECs) using 
the Gamry Echem Analyst software. The electrochemical 
measurement results were collected approximately 30 min 
after the working electrode was immersed in the solution to 
allow the steady-state potential to stabilize. Each measure-
ment was repeated three times, and only the average values 
were reported to verify reproducibility of the experiments.

2.6  Surface Characterization

Scanning electron microscopic (SEM) examination was uti-
lized to characterize the surface modifications of MS before/
after DBTA. The MS coupons were initially immersed for 5 h 
at 303 K in blank solution, and the solution with the highest 
studied concentration of DBTA. The coupons were isolated, 
washed, and then allowed to dry to characterize the surface.

2.7  Theoretical Calculations

Theoretical calculations for DBTA as corrosion inhibi-
tor were carried out through the DFT method along with 
“Becke three-parameter hybrid functional along with the 
Lee–Yang–Paar correlation functional (B3LYP)” [11]. All 
estimations were done using Gaussian 03 software with the 
6-31G(d,p) basis set [12]. The obtained frontier molecular 
orbital energies including EHOMO and ELUMO help to eval-
uate other significant functions, such as ΔE, η, σ, χ, and 
ΔN using [13, 14] Eqs. (4-8).

(3)� =
CR − CR(i)

CR

,

(4)ΔE = EHOMO − ELUMO

where χFe  is the  electronegativity; ηinh  is the hardness of Fe.
For χFe, a reported magnitude of 7 eV/mol was utilized, 

whereas in case of Fe, ηFe= 0 eV/mol was used [15]. Recent 
articles demonstrate that the calculated value of χFe = 7 eV 
is not reasonable due to omission of the interaction of elec-
tron–electron and only free electron gas Fermi energy of 
iron is taken into account. Therefore, to avert this anomaly, 
� (work function) of the MS surface is utilized instead of 
χFe, and Eq. (9) should be rewritten as

3  Results and Discussion

3.1  Gravimetric Measurements

The gravimetric estimation results for MS coupons in inves-
tigated corrosive solution in blank solution and DBTA solu-
tion are demonstrated in Fig. 1. It is a reliable way to esti-
mate best concentrations of the DBTA for achieving optimal 
inhibitory activities [16]. The acquired results demonstrated 
that addition of DBTA block the MS surface against corro-
sion. The highest inhibition efficiency comes with maximum 
DBTA concentration as shown in Fig. 2. The DBTA mole-
cules demonstrate inhibitive productivity equal to (91.0%) at 
the concentration of 0.5 mM. The maximum inhibitive pro-
ductivity was due to the presence of heteroatoms (N, S) in 
DBTA molecules with a huge molecular structure of DBTA. 
Furthermore, the presence of aromatic groups increases the 
electron density at the active center, which facilitates more 
interaction of DBTA with the surface of alloy [17].

3.2  Effect of Temperature

Comparable inhibition efficiencies of DBTA on MS in cor-
rosive solution at various temperatures including 303, 313, 
323, and 333 K and at different concentrations of DBTA indi-
cated that corrosion efficiency increased with the increasing 

(5)� = −
1

2

(

EHOMO − ELUMO

)

(6)� =
1

�

(7)� = −
1

2

(

EHOMO + ELUMO

)

(8)ΔN = −
�Fe − �inh

2(�Fe + �inh)

(9)ΔN = −
� − �inh

2(�Fe + �inh
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concentration and decreased with the increasing temperature 
(Fig. 3). Heat of adsorption can be negative in case of absorp-
tion of organic compounds, and this resulted in exothermic 
process, and therefore, increase of the temperature leads to 
reduction of inhibition efficiencies.

3.3  Electrochemical Impedance Spectroscopy (EIS) 
Results

The experimental results obtained from EIS measurements for 
the corrosion of mild steel in the absence and the presence of 
the inhibitor at 30 °C are summarized in Table 1.

The impedance spectra for the mild steel samples in 1.0 M 
HCl in the absence of corrosion inhibitor DBTA or in the pres-
ence of various concentrations of corrosion inhibitor at 30 °C 
are presented as Nyquist plots in Fig. 4. Considerable increase 
in the total impedance is observed on the addition of corrosion 
inhibitor. As shown in Fig. 4, the impedance response of mild 
steel is significantly altered after the addition of inhibitor to the 
corrosive solution. This result can be attributed to an increase 
in the substrate impedance with the increasing inhibitor con-
centration. The EIS results were analyzed using the equivalent 
circuit mentioned elsewhere [18], and are shown in Fig. 5. The 
inhibition efficiencies (IE%) were calculated from the charge-
transfer resistance using Eq. 10:

(10)(IE%) =
R(inh) − R(uninh)

R(inh)
× 100,

Fig. 1  Effects of different concentrations of DBTA on corrosion rate and surface coverage (a) and surface coverage (b) for MS in 1 M HCl

Fig. 2  Effects of different concentrations of DBTA on the inhibitory 
activity for MS in 1 M HCl

Fig. 3  Influences of concentrations vs temperatures for DBTA on cor-
rosion efficiencies

Table 1  CPE data for mild 
steel in 1.0 M HCl with 
different corrosion inhibitor 
concentrations at 30 °C

Concentra-
tion (Mm)

Rs (ohm  cm2) Rct (ohm cm2) CPE Cdl (μFcm-2) IE (%)

Yo (μS sα cm-2) �

Blank 0.2612 0.0871 923.6 0.9174 338.7 0.00
0.100 0.3482 0.7758 3816 0.7042 820.9 51.34
0.200 0.3633 0.7862 2058 0.7793 954.7 72.83
0.400 0.3893 0.7943 1613 0.8006 365.9 84.93
0.500 0.5583 0.8586 426.7 0.8584 266.2 90.11
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where R0
ct

 and Rct indicate the charge-transfer resistances 
in the presence and the absence of corrosion inhibitor, 
respectively.

By means of the software Gamry Analyst, EIS experi-
mental data can be analyzed which were the data match- 
ing CPEs for mild steel/sample calculation solution  
resistance R, and constant phase element, CPE, calcula-
tion of charge-transfer resistance  Rct, and double-layer 
charge, Cdl [19]. Table 1 shows the EIS data for 1.0 M 
HCl with different corrosion inhibitor concentrations at 
30 °C, where the Cdl value decreases and the Rct value 
increases with the increasing inhibitor concentrations. 
This is due to the gradual replacement of water molecules 
by the adsorption of the inhibitor molecules on the metal 
surface, and the decrease in the extent of dissolution reac-
tion. The high Rct values are generally associated with 

slower corroding system [20, 21]. The decrease in Cdl 
value resulted from the decreasing local dielectric constant 
and/or from the increasing thickness of the electrical dou-
ble layer [22]. This proves that the corrosion inhibitor mol-
ecules absorbed on the surface of mild steel samples thus 
form a protective layer on the mild steel. Greater charge-
transfer resistances are commensurate with systems that 
corrode slowly [23]. With the increasing value of Rct, the 
efficiency and capacity of inhibition (IE) also increased to 
90.11% at a concentration of 0.5 mM.

3.4  Adsorption Isotherms

The acquired values of θ through gravimetric calculations 
of DBTA were utilized to locate the best-fitted adsorption 
isotherms. Adsorption isotherms help to realize the nature 
of interactions between the molecules of inhibitor and the 

Fig. 4  Nyquist plots for mild 
steel in 1.0 M HCl with various 
concentrations of DBTA at 
30 °C

Fig. 5  Equivalent model used to fit impedance data for mild steel in 1.0 M HCl in the absence and the presence of DBTA
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surface of MS. DBTA molecules adsorb onto the MS sur-
face either physically or chemically. To realize this phenom-
enon, various adsorption isotherms (Temkin, Freundlich, 
and Langmuir isotherms) were applied to the methodogical 
results. It was noted that the Langmuir fitted well, with the 
R2 (regression coefficient) value DBTA, promoting good 
favorable fitting. The acquired slope and intercept values 
were in the order: Langmuir > Freundlich > Temkin. The 
Langmuir adsorption isotherm plots between C/θ and Ci 
are demonstrated in Fig. 6 and Eq. 11.

where C is the concentration of inhibitor, θ  is the surface 
area, and Kads  is the adsorption equilibrium constant.

Values of Kads were acquired through a linear straight fit-
ted plot between C/θ and C to obtain free energy of adsorp-
tion ΔGads. Kads is related to ΔGads through Eq. 12.

where R is the gas constant, T  is the  absolute temperature, 
55.5  is the  concentration of water in solution in mol/L.

By substituting Kads in the above equation, the ΔGads val-
ues were obtained.

(11)
C

�
=

1

Kads

+ C,

(12)ΔGads = −RTln(55.5Kads),

It is notified that ΔGads values were differ between 
− 40 kJ/mol and more negative values indicating that the 
adsorption is chemisorption, while the value of ΔGads 
equal − 20 kJ/mol or less negative revel that the adsorption 
is physisorption [24, 25]. The ΔGads values for DBTA is 
− 35.74 kJ/mol, suggesting a chemisorption type of adsorp-
tion. In hydrochloric acid solution, the following mechanism 
is proposed for the corrosion of mild steel. Equations 13–15 
show the anodic dissolution mechanism of mild steel.

Equations 16–18 show the cathodic hydrogen evolution 
mechanism.

Various factors like nature and charge of the surface of 
alloy and also the chemical structure of the inhibitor and 
the type of electrolyte play an important role in the process 
of adsorption.

3.5  Surface Characterization After Immersion

Scanning electron microscopy (SEM) was used to investi-
gate the surface morphological observation for the steel sam-
ples in an acidic solution with and without 0.5 mM DBTA 
molecules for 6 h at 303 K. The MS coupons exposed to 
hydrochloric acid were subjected to undergo severe corro-
sion as demonstrated in Fig. 7a. On the other hand, a soft 
surface with minimum damages have been observed in the 
case of the MS surface with the addition of DBTA (Fig. 7b), 

(13)Fe + Cl− ↔ (FeCl−)ads

(14)(FeCl−)ads ↔ (FeCl+)ads + e−

(15)(FeCl+)ads ↔ Fe++ + Cl−

(16)Fe + H+
↔ (FeH+)ads

(17)(FeH+)ads + e− ↔ (FeH)ads

(18)(FeH)ads + H+ + H−
↔ Fe + H2

Fig. 6  Langmuir adsorption isotherm for MS in the presence of 
DBTA

Fig. 7  SEM micrographs of mild steel in 1.0 M HCl solution at 30 °C
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which demonstrate that the MS surface was adequately pro-
tected from corrosion in the presence of DBTA [26, 27].

3.6  Quantum Chemical Studies

Theoretical calculations are exceptionally useful in obtain-
ing more data on inhibition phenomenon. Inhibitory activa-
tion of an inhibitor is related with theoretical factors, for 
example: HOMO, LUMO, ΔE, η, σ, χ, and ΔN as shown in 
Eq. 8, and Mulliken charges on the atoms. These parameters 
could be observed through the optimization of the investi-
gated inhibitor molecules [28, 29]. These parameters pro-
vide insight into to understanding the nature of interactions 
between metal and inhibitor. In the present study, all the 
quantum parameters were calculated for DBTA molecules. 
The quantitative values of the parameters are summarized 
in Table 2.

The optimized geometry of DBTA is shown in Fig. 8. The 
inhibitor efficiency can be recognized by HOMO and LUMO 
energies. The appropriate data of the frontier molecule 
orbital density for DBTA are displayed in Fig. 8.

The HOMO energy value exhibits the electron-donating 
capability of the inhibitor. The high-energy values of HOMO 
confirm that the inhibitor molecules have high affinity that 
can offer electrons to suitable acceptor molecules. The 
energy values of LUMO elucidate the electron-accepting 
ability from the alloy to inhibitor molecule. LUMO with 
the lower energy values expose that the inhibitor can accept 
electrons from the surface of alloy through back-donation. 
The energy gaps, ΔE (ΔE = ELUMO − EHOMO), with lower 
values demonstrate excellent inhibitive effectiveness of the 
molecules [30, 31]. According to the hardness and softness 
principle, a hard molecule is associated with low basicity 

ΔN =
� − �inh

2(�Fe + �inh)

and low electron-donating ability, and a soft molecule is 
associated with high basicity and high electron-donating ten-
dency [32, 33]. This finding suggests that the inhibition effi-
ciency increases with the increasing softness and decreases 
with the increasing hardness of the inhibitor molecules. η 
(hardness) and σ (softness) are also significant factors which 
provide information about the stability and reactivity [34]. 
ΔE for hard molecule is large, but for a soft one, it is low. 
Hence, the low value of η suggests a higher corrosion inhibi-
tion efficiency [35, 36]. As for inhibitor molecules (Fig. 8), 
Table 2 shows that the ΔE values for DBTA (6.798 eV) and 
the values of global softness (σ) with global hardness (η) 
in addition to the number fraction of electrons transferred 
(ΔN) for DBTA are in agreement with experimental results.

The resulting value of χ = 4.713,, as reported in Table 2, 
shows the high number of electron transfer, which also con-
firms that DBTA has the highest inhibition performance.

The number of transferred electrons (ΔN) gives informa-
tion about the number of electrons a molecule can transfer 
to the acceptor molecule [37].

The following quantum chemical parameters were 
evaluated from the optimized molecular structure: the 
dipole moment (µ), the energy of the highest occupied 
molecular orbital (EHOMO), the energy of the lowest unoc-
cupied molecular orbital (ELUMO), the energy band gap 
(ΔEgap = EHOMO − ELUMO), the electron affinity (A), the ioni-
zation potential (I), and the number of transferred electrons 
(ΔN). According to the density functional theory, the energy 
of HOMO (EHOMO) is regarded as the ionization potential, 
and the higher magnitude indicates the greater donating abil-
ity of molecules to provide metal electrons. On the other 
hand, the energy of LUMO (ELUMO) is closely correlative 
with the electron affinity, and the lower value suggests the 
easier transfer of electrons from metal surface to inhibitor. 
The energy gap between HOMO and LUMO (ΔE) repre-
sents the stability of transition complex which determines 
the interaction between the adsorbed inhibitor and the metal-
lic substrate [38].

EHOMO, ELUMO, Fukui functions, and the total elec-
tron density of DBTA values are displayed in Fig. 8. The 
quantum parameters EHOMO, EHOMO, and dipole moment 
are displayed in Table 2. The HOMO values symbolize the 
active centers that possess the interaction ability with sur-
face of metal. This inhibitor has three active centers that are 
methanimine, 1,3,4-thiadiazole ring, and dimethylamine. 
LUMO has the ability to accept electrons from the metal 
through antibonding orbitals and form saturated bonds 
[39]. HOMO of high values imply the tendency to donate 
the electrons to an empty orbital [40]. ΔEs with low values 
indicate improved inhibitory activities [41]. As seen from 
Table 2, the energy value of HOMO has not differed sig-
nificantly for DBTA, which means any observed variation 
in the adsorption strength could result from the molecular 

Table 2  Theoretical parameters for DBTA utilizing DFT-B3LYP/6-
31G

Parameters Calculations

EHOMO (eV) − 8.112
ELUMO (eV) − 1.314
ΔE (eV) 6.798
Global hardness η 3.399
Chemical softness σ 0.294
Electronegativity χ 4.713
Fraction of electrons transferred ΔN 0.336
Dipole/Dipole 4.591
Electron affinity (A) 8.112
Ionization potential (I) 1.314
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size parameters. The high-energy values of ΔE are in accord-
ance with the nonspecific nature of the interactions of the 
inhibitor molecule with the surface of alloy. A relation-
ship between inhibition efficiency for DBTA, and HOMO, 
LUMO, and μ are presented in Table 2. IE (inhibition effi-
ciency) increases as HOMO energy increases and LUMO 
energy decreases. The increasing HOMO energy reveal 
higher tendency for the donation of electrons to the molecule 
with an unoccupied orbital [42]. As for the dipole moment 
(μ), inhibitor with high dipole moment tends to form strong 
dipole–dipole interactions with the metal, resulting in strong 
adsorption onto the surface of the metal and therefore lead-
ing to greater inhibition efficiency. Inhibition process may 
be elucidated according to the value of μ. It is a measure of 
polarity for bond. Adsorption of polar molecules with high 
value of μ on the metal surface ought to improve inhibition 

efficiency. DBTA molecule has μ equal to 4.591 and IE equal 
to 91%. The μ is another predictor for the distribution of 
electrons on the molecule. Some researchers reported that 
IE increases with the increasing values of the μ, which relies 
on the nature of molecules. There are a few studies in the 
literature describing the relation between μ and IE%, and in 
some cases, no significant relationship between these values 
has been identified [43, 44]. The adsorption orientations in 
this study were flat-lying because charge distribution was 
saturated all around the molecule [45]. In order to evalu-
ate the reactive regions in terms of f + (nucleophilic) and 
f − (electrophilic) behaviors for the molecule, local reac-
tivities have been analyzed by means of the FI (Fukui Indi-
ces). Figure 8 demonstrates that f − related with the HOMO 
locations, indicating the sites where the inhibitor molecules 
were adsorbed onto the surface of MS and the high values 

Fig. 8  Optimized structure, 
total electron density, EHOMO, 
ELUMO, and Fukui functions 
of DBTA molecules
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of f − are due to the presence of nitrogen atoms in the inhibi-
tor molecules. Moreover f + related with LUMO locations, 
showing sites where the inhibitor molecules interact with 
nonbonding electrons of MS.

3.7  Mulliken Charges

Charges of Mulliken are important to evaluate the adsorp-
tion centers of the studied molecules. High negative charge 
explains the ability of the studied molecules to be adsorbed 
onto the surface of MS [46]. Nitrogen, sulfur, and some 
carbon atoms in the DBTA molecules have higher negative 
charges that indicate coordinating bonds with the metal as 
shown in Table 3 and Fig. 9. Therefore, nitrogen and sulfur 
atoms were the active centers, which have the ability to coor-
dinate with the surface of MS. DBTA molecules may accept 
electrons from metal due to positive charges from carbon 
atoms which are often sites where nucleophiles could get 
attached to. Recently, some researchers reported that supe-
rior inhibitors have the ability to share (donate and accept) 
electrons with the metal [47–49].

4  Conclusions

The organic inhibitors of 4-Dimethylamino-benzylidene)-[1, 
3, 4]thiadiazol-2-yl-amine (DBTA) with high efficiency 
showed excellent inhibition efficiency of 91% at 0.5 mM. 
The increase of inhibition efficiency can be attributed to the 
presence of 1,3,4-thiadiazole ring which plays an important 
role in enhancing the inhibition efficiency. A protective layer 
formed by new corrosion inhibitor of DBTA on the mild 
steel is proved by SEM measurements. The quantum chem-
ical values and experimental results were observed to be 
working in harmony. The newly synthesized DBTA showed 
significantly improved mild steel corrosion resistance, which 
gives opportunities to determine the inhibitive activity of 
structurally similar compounds.

Acknowledgements The authors gratefully acknowledge the support 
provided by the UKM-YSD Chair on Sustainable Development for the 
Grant 020–2017’Malaysia’ to carry out this research.

Compliance with Ethical Standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

References

 1. Bentiss F, Lebrini M, Traisnel M, Lagrenée M (2009) Synergis-
tic effect of iodide ions on inhibitive performance of 2,5-bis(4-
methoxyphenyl)-1,3,4-thiadiazole during corrosion of mild steel 
in 0.5 M sulfuric acid solution. J Appl Electrochem 39:1399–1407

 2. Kumar S, Sharma D, Yadav P, Yadav M (2013) Experimental 
and quantum chemical studies on corrosion inhibition effect of 
synthesized organic compounds on N80 steel in hydrochloric acid. 
Ind Eng Chem Res 52:14019–14029

 3. Al-Baghdadi1, S. B.; Noori, F. T. M.; Ahmed, W. K.; Al-Amiery. 
A. A. Thiadiazole as a Potential Corrosion Inhibitor for Mild Steel 
in 1 M HCl. J. Adv. Electrochem. 2016, 2, 67-69

 4. Bentiss F, Traisnel M, Vezin H, Hildebrand HF, Lagrenée M 
(2004) 2,5-Bis(4-dimethylaminophenyl)-1,3,4-oxadiazole and 
2,5-bis(4-dimethylaminophenyl)-1,3,4-thiadiazole as corrosion 
inhibitors for mild steel in acidic media. Corros Sci 46:2781–2792

 5. Yadav M, Kumar S, Behera D (2013) Inhibition effect of sub-
stituted thiadiazoles on corrosion activity of N80 steel in HCl 
solution. J Metall 2013:1–14

Table 3  Mulliken charges of 
heteroatoms present in DBTA

Atom Mulliken charges Atom Mulliken charges Atom Mulliken charges Atom Mulliken charges

N(1) − 0.2225 C(8) − 0.1701 C(15) 0.2099 H(22) 0.0741
S(2) 0.3341 C(9) − 0.0024 C(16) 0.2099 H(23) − 0.0063
C(3) − 0.0899 C(10) − 0.1080 H(17) 0.1328 H(24) − 0.0064
N(4) − 0.1310 C(11) 0.1374 H(18) 0.0775 H(25) − 0.0131
N(5) − 0.0842 C(12) − 0.0865 H(19) 0.0605 H(26) 0.0014
C(6) − 0.2243 C(13) 0.0094 H(20) 0.0670 H(27) − 0.0308
C(7) 0.2051 N(14) − 0.4175 H(21) 0.0758 H(28) − 0.0016

Fig. 9  The optimized chemical structure of DBTA molecules with 
atom numbers



 Journal of Bio- and Tribo-Corrosion (2019) 5:48

1 3

48 Page 10 of 11

 6. Al-Baghdadi SB, Hashim FG, Salam AQ, Abed TK, Gaaz TS, 
Al-Amiery AA, Kadhum AH, Reda KS, Ahmed WK (2018) 
Synthesis and corrosion inhibition application of NATN on mild 
steel surface in acidic media complemented with DFT studies. 
Results Phys 8:1178–1184

 7. Habeeb HJ, Luaibi HM, Dakhil RM, Kadhum AH, Al-Amiery 
AA, Gaaz TS (2018) Development of new corrosion inhibitor 
tested on mild steel supported by electrochemical study. Results 
Phys 8:1260–1267

 8. Singh P, Singh A, Quraishi MA (2014) Inhibition effect of 
1,3,5-tri-p-tolyl-1,3,5-triazene on the corrosion of brass in 
0.5 M HCl solution. Res Chem Intermed 40:595–604

 9. Sulaiman KO, Onawole AT (2016) Quantum chemical evalu-
ation of the corrosion inhibition of novel aromatic hydrazide 
derivatives on mild steel in hydrochloric acid. Comput Theor 
Chem 1093:73–80

 10. Turcio-Ortega D, Pandiyan T, Cruz J, Garcia-Ochoa E (2007) 
Interaction of imidazoline compounds with fen (n = 1-4 Atoms) 
as a model for corrosion inhibition: DFT and electrochemical 
studies. J Phys Chem C 111:9853–9866

 11. Standard A. G1–03. Standard Practice for preparing, cleaning, 
and evaluating corrosion test specimens. Annual Book ASTM 
Standards 2003, 3, 17-25

 12. Deng Q, Shi H-W, Ding N-N, Chen B-Q, He X-P, Liu G, Tang 
Y, Long Y-T, Chen G-R (2012) Novel triazolyl bisamino acid 
derivatives readily synthesized via click chemistry as poten-
tial corrosion inhibitors for mild steel in HCl. Corros Sci 
57:220–227

 13. Tao Z, He W, Wang S, Zhang S, Zhou G (2012) A study of dif-
ferential polarization curves and thermodynamic properties for 
mild steel in acidic solution with nitrophenyltriazole derivative. 
Corros Sci 60:205–213

 14. Becke AD (1993) Density-functional thermochemistry. III. The 
role of exact exchange. J Chem Phys 98:5648–5652

 15. Becke AD (1988) Density-functional exchange-energy approxima-
tion with correct asymptotic behaviour. Phys Rev A 38:3098–3100

 16. Haque J, Verma C, Srivastava V, Quraishi MA, Ebenso EE (2018) 
Experimental and quantum chemical studies of functionalized 
tetrahydropyridines as corrosion inhibitors for mild steel in 1 M 
hydrochloric acid. Results Phys 9:1481–1493

 17. Verma C, Olasunkanmia LO, Ebensoa EE, Quraishi MA (2018) 
Substituents effect on corrosion inhibition performance of organic 
compounds in aggressive ionic solutions: a review. J Mol Liq 
251:100–118

 18. Khaled KF, Al-Qahtani MM (2009) The inhibitive effect of some 
tetrazole derivatives towards Al corrosion in acid solutions: chem-
ical electrochemical and theoretical studies. Mater Chem Phys 
113:150–158

 19. Musa AY, Mohamad AB, Kadhum AAH, Takriff MS (2012) 
Corrosion inhibition of mild steel in 1.0 M HCl by aminocom-
pound: electrochemical and DFT studies. Metall Mater Trans A 
43:3379–3386

 20. Noor EA (2009) Evaluation of inhibitive action of some quater-
nary N-heterocyclic compounds on the corrosion of Al–Cu alloy 
in hydrochloric acid. Mater Chem Phys 114:533–541

 21. Kadhum A, Al-Amiery A (2014) Inhibition of mild steel corro-
sion in hydrochloric acid solution by new coumarin. Materials 
7:4335–4348

 22. Bosch RW et al (2001) Electrochemical frequency modulation: a 
new electrochemical technique for online corrosion monitoring. 
Corrosion 57:60–70

 23. Ramesh V, Adhikari AV (2008) Quinolin-5-ylmethylene-3-{[8-
(trifluoromethyl)quinolin-4-yl]thio}propanohydrazide as an effec-
tive inhibitor of mild steel corrosion in HCl solution. Corros Sci 
50:55–61

 24. Singh P, Ebenso EE, Olasunkanmi LO, Obot IB, Quraishi MA 
(2016) Electrochemical, theoretical, and surface morphological 
studies of corrosion inhibition effect of green naphthyridine 
derivatives on mild steel in hydrochloric acid. J Phys Chem C 
120:3408–3419

 25. Mishra A, Verma C, Lgaz H, Srivastava V, Quraishi MA, 
Ebenso EE (2018) Synthesis, characterization and corrosion 
inhibition studies of N-phenyl-benzamides on the acidic cor-
rosion of mild steel: experimental and computational studies. J 
Mol Liq 251:317–332

 26. Verma C, Olasunkanmi LO, Ebenso EE, Quraishi MA, Obot 
IB (2016) Adsorption behavior of glucosamine-based, pyrimi-
dine-fused heterocycles as green corrosion inhibitors for mild 
steel: experimental and theoretical studies. J Phys Chem C 
120:11598–11611

 27. Singh P, Quraishi MA (2016) Corrosion inhibition of mild steel 
using Novel Bis Schiff’s Bases as corrosion inhibitors: electro-
chemical and surface measurement. Measurement 86:114–124

 28. Singh P, Singh A, Quraishi MA (2016) Thiopyrimidine deriva-
tives as new and effective corrosion inhibitors for mild steel 
in hydrochloric acid: electrochemical and quantum chemical 
studies. J Taiwan Inst Chem Eng 60:588–601

 29. Mendonça GLF, Costa SN, Freire VN, Casciano PNS, Correia 
AN, de Lima-Neto P (2017) Understanding the corrosion inhi-
bition of carbon steel and copper in sulphuric acid medium by 
amino acids using electrochemical techniques allied to molecu-
lar modelling methods. Corros Sci 115:41–55

 30. Ansari KR, Quraishi MA (2015) Experimental and computa-
tional studies of naphthyridine derivatives as corrosion inhibitor 
for N80 steel in 15% hydrochloric acid. Phys E 69:322–331

 31. Singh P, Makowska-Janusik M, Slovensky P, Quraishi MA 
(2016) Nicotinonitriles as green corrosion inhibitors for mild 
steel in hydrochloric acid: electrochemical, computational and 
surface morphological studies. J Mol Liq 220:71–81

 32. Obot IB, Gasem ZM (2014) Theoretical evaluation of corrosion 
inhibition performance of some pyrazine derivatives. Corros Sci 
83:359–366

 33. Guo L, Ren X, Zhou Y, Xu S, Gong Y, Zhang S (2017) Theo-
retical evaluation of the corrosion inhibition performance of 
1,3-thiazole and its amino derivatives. Arab J Chem 10:121–130

 34. Abd El-Lateef HM (2015) Experimental and computational 
investigation on the corrosion inhibition characteristics of mild 
steel by some novel synthesized imines in hydrochloric acid 
solutions. Corros Sci 92:104–117

 35. Abd El-Lateef HM, Abu-Dief AM, Abdel-Rahman LH, Sanudo 
EC, Aliaga-Alcalde N (2015) Electrochemical and theoretical 
quantum approaches on the inhibition of C1018 carbon steel 
corrosion in acidic medium containing chloride using some 
newly synthesized phenolic Schiff bases compounds. J Elec-
troanal Chem 743:120–133

 36. Olasunkanmi LO, Obot IB, Ebenso EE (2016) Adsorption and 
corrosion inhibition properties of N-{n-[1-R-5-(quinoxalin-
6-yl)-4,5-dihydropyrazol- 3 yl] phenyl} methane sulfon amides 
on mild steel in 1 M HCl: experimental and theoretical studies. 
RSC Adv 6:86782–86797

 37. Gómez-Zavaglia A, Reva ID, Frija L, Cristiano ML, Fausto R 
(2005) Molecular structure, vibrational spectra and photochem-
istry of 2-methyl-2H-tetrazol-5-amine in solid argon. J Phys 
Chem A 109(35):7967–7976

 38. Ramya K, Mohan R, Anupama KK, Joseph A (2015) Electro-
chemical and theoretical studies on the synergistic interaction 
and corrosion inhibition of alkyl benzimidazoles and thiosemi-
carbazide pair on mild steel in hydrochloric acid. Mater Chem 
Phys 149:632–647



Journal of Bio- and Tribo-Corrosion (2019) 5:48 

1 3

Page 11 of 11 48

 39. Cruz J, Pandiyan T, Garcıa-Ochoa E (2005) A new inhibitor for 
mild carbon steel, electrochemical and DFT studies. J Electroa-
nal Chem 583:8–16

 40. Costa JM, LIuch jm (1984) The use of quantum mechanics 
calculations for the study of corrosion inhibitors. Corros Sci 
24:924–933

 41. Khalil N (2003) Quantum chemical approach of corrosion inhibi-
tion. Electrochim Acta 48:2635–2640

 42. Al-Amiery AA (2012) Antimicrobial and antioxidant activities 
of new metal complexes derived from (E)-3-((5-phenyl-1,3,4-
oxadiazol-2-ylimino) methyl)naphthalen-2-ol. Med Chem Res 
21:3204–3213

 43. Xia S, Qiu M, Yu L, Liu F, Zhao H (2008) Molecular dynam-
ics and density functional theory study on relationship between 
structure of imidazoline derivatives and inhibition performance. 
Corros Sci 50:2021–2029

 44. Musa AY, Kadhum AH, Mohamad AB, Rahoma AB, Mesmari 
H (2010) Electrochemical and quantum chemical calculations on 
4,4-dimethyloxazolidine-2-thione as inhibitor for mild steel cor-
rosion in hydrochloric acid. J Mol Struct 969:233–327

 45. Lee C, Yang W, Parr RG (1988) Development of the colle-salvetti 
correlation-energy formula into a functional of the electron den-
sity. Phys Rev B 37:785–789

 46. Frisch MJ (2007) Gaussian 03, revision E.01. Gaussian Inc., 
Wallingford

 47. Martinez S (2003) Inhibitory mechanism of mimosa tannin using 
molecular modeling and substitutional adsorption isotherms. 
Mater Chem Phys 77:97–102

 48. Olasunkanmi LO, Obot IB, Kabanda MM, Ebenso EE (2015) 
Some quinoxalin-6-yl derivatives as corrosion inhibitors for mild 
steel in hydrochloric acid: experimental and theoretical studies. J 
Phys Chem C 119:16004–16019

 49. Pearson RG (1988) Absolute electronegativity and hardness: 
application to inorganic chemistry. Inorg Chem 27:734–740

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Effect of 1,3,4-Thiadiazole Scaffold on the Corrosion Inhibition of Mild Steel in Acidic Medium: An Experimental and Computational Study
	Abstract
	1 Introduction
	2 Experimental Work
	2.1 Materials and Methods
	2.2 Synthesis of DBTA
	2.3 Samples’ Preparation
	2.4 Gravimetric Measurements
	2.5 Electrochemical Measurement
	2.6 Surface Characterization
	2.7 Theoretical Calculations

	3 Results and Discussion
	3.1 Gravimetric Measurements
	3.2 Effect of Temperature
	3.3 Electrochemical Impedance Spectroscopy (EIS) Results
	3.4 Adsorption Isotherms
	3.5 Surface Characterization After Immersion
	3.6 Quantum Chemical Studies
	3.7 Mulliken Charges

	4 Conclusions
	Acknowledgements 
	References




