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Abstract The role of Sulfur containing compounds

namely: Thiobarbituric acid (TBA) and Thiourea (TH) as

corrosion inhibitors for mild steel in 1 M HCl has been

studied using potentiodynamic anodic polarization, elec-

trochemical impedance spectroscopy, atomic force micro-

scopy and scanning electron microscopy techniques.

Polarization results showed that all the compounds studied

are mixed type inhibitors. Electrochemical impedance

studies showed that the presence of these compounds

decreases the double-layer capacitance and increases the

charge transfer resistance. Quantum chemical calculation

was further applied to reveal the adsorption structure and

explain the experimental results. The results of calculations

showed superior inhibition efficiency of TH in comparison

to TBA.
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1 Introduction

Most large structures in industries are made by mild steel

owing to it’s low-cost, availability and strength. But it is

also highly susceptible to corrosion, especially in acidic

media [1]. Acid solutions are frequently used for the

removal of rust and scale in several industrial processes,

which causes corrosion damage to equipment and pipeline

systems made of steel [2]. The most commonly used acids

are hydrochloric, sulfuric, nitric, hydrofluoric, citric, for-

mic, and acetic acid [3].

The use of inhibitors is one of the most practical

methods for protection against corrosion, especially in

acidic media. Many studies have been made on the cor-

rosion and inhibition of steels in acid media [4–11]. Among

numerous inhibitors that have been tested and applied

industrially as corrosion inhibitors, those that are nontoxic

or of low toxicity are now far more strategic than in the

recent past. In the twenty-first century, research in the field

of green or eco-friendly corrosion inhibitors have been

addressed toward the goal of using cheap, efficacious

compounds of ignorable or ‘‘zero’’ environmental impact.

Organic compounds bearing heteroatoms with high elec-

tron density such as phosphor, sulphur, nitrogen, oxygen or

those containing multiple bonds which are considered as

adsorption centers, are effective as corrosion inhibitors

[12–14]. The compounds containing both nitrogen and

sulphur in their molecular structure have exhibited greater

inhibition compared with those containing only one of

these atoms [15–17].

The correlation between the structures and corrosion

inhibition efficiencies of thio acetamide (TACA), thiourea

(TH) and thiobenzamide (TBA) on the corrosion of mild

steel in 0.1 M H2SO4 solution have been investigated using

quantum chemical calculations by Ozcan et al. [18]. It was

seen that there is a clear relation between the increase in

corrosion inhibition and the increase of the highest occu-

pied molecular orbital (HOMO) energy level. Saxena et al.

[19] investigated the corrosion inhibition performance of

mild steel in nitric acid solution containing different con-

centration of Schiff bases. Sastri [4] studied the effect of
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some amino pyrimidine derivatives on the corrosion of

carbon steel in 0.05 M HCl solution. The results revealed

that these inhibitors acted as mixed type inhibitors and their

inhibition was due to the adsorption of their molecules on

the steel surface.

The purpose of this paper is to compare the corrosion

inhibition data obtained from Tafel extrapolation, EIS, SEM

and AFM techniques for TH with that obtained for TBA.

Furthermore, theoretical calculations have been performed

by the density functional theory (DFT) to understand the

mechanism of adsorption of these inhibitors.

2 Experimental

2.1 Materials

The working electrode was a cylindrical disc cut from a

steel rod with the following chemical compositions (%w);

0.21 C, 0.035 Si, 0.25 Mn, 0.082 P, and Fe (remainder).

The mild steel specimen was coated with polyester block,

aspect for measurement and the electrical conductivity was

provided by a copper wire. The steel plate of cylindrical

shape was encapsulated in Teflon in such a way that only

one surface was left uncovered. The exposed area

(0.32 cm2) was mechanically abraded with a series of

Emery papers of variable grades, starting with a coarse one

and proceeding in steps to the finest (1200) grade.

The aggressive solution of 1 M HCl was prepared by

dilution of Merck Product HCl. The concentration range of

inhibitors employed was 4 9 10-4 and 6 9 10-3 M. All

chemicals used in present work were of reagent-grade

Merck product and used as received without further purifi-

cation. The inhibitors used were Thiourea (TH) N2H4CS and

Thiobarbituric acid (TBA) C4H4N2O2S (Fig. 1).

2.2 Methods

The apparatus for electrochemical investigations consists

of a computer-controlled Auto Lab potentiostat/galvanostat

(PGSTAT302 N) corrosion measurement system at a scan

rate of 1mVs-1. The experiments were carried out using a

conventional three electrode cell assembly at 25 ± 2 �C. A
rectangular platinum foil was used as counter electrode and

saturated calomel electrode as the reference electrode.

Time interval of 20–25 mins was given for steady-state

attainment of open circuit potential.

For surface analysis, the specimens of size 0.32 cm2

were abraded with Emery paper (up to 1200) to give a

homogeneous surface, then washed with distilled water and

acetone. The specimens were immersed in 1 M HCl pre-

pared with and without addition of 6 9 10-3 M of the

inhibitor at 25 ± 2 �C for 6 h and cleaned with distilled

water. The surface morphology of the electrode surface

was evaluated by atomic force microscopy (AFM) Nan

Surf easyscan2 and scanning electron microscopy (VEGA).

Construction drawings and displaying were done by using

GaussView 5.0.8 [20] and all calculations were performed

by using Gaussian 09 AM64L-G09RevC.01 package pro-

gram [21]. Additionally, preparation of figures was done by

using ChemBioDraw Ultra Version (13.0.0.3015) [22].

M062X hybrid function [23] which is one of the density

functional theories was selected as a computational method

for investigating inhibitors. In calculations, 6-311??G (d,

p) was selected as the basis set. All calculations were per-

formed in gas phase and additionally optimized structures

for non-protonated inhibitors were re-calculated in water.

The vibration frequency analyses indicated that optimized

structures of all inhibitors were at stationary points corre-

sponding to local minima without imaginary frequencies.

The interactions of solute–solvent were taken into account

by the conductor-like polarizable continuum model

(CPCM). Some quantum chemical descriptors were calcu-

lated by using Eqs. (1)–(11) [24–31].

EGAP ¼ ELUMO � EHOMO ð1Þ
I ¼ ETotalðNÞ � ETotalðN � 1Þ ð2Þ
A ¼ ETotalðN þ 1Þ � ETotalðNÞ ð3Þ

g ¼ I � Aj j
2

ð4Þ

r ¼ 1

g
ð5Þ

v ¼ EHOMO þ ELUMOj j
2

ð6Þ

l ¼ �v ð7Þ

x ¼ l2

2g
ð8Þ

N ¼ 1

x
ð9Þ

PA ¼ EPro: � ðENon�pro: þ EHþÞ ð10Þ

EHþ ¼ EH3O
þ � EH2O ð11Þ

Where EHOMO and ELUMO are the energy of the Frontier

molecular orbital HOMO and LUMO. The ionizationFig. 1 The chemical structure of the inhibitors: a TH, b TBA
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potential (I), the electron affinity (A), electronegativity (v),
chemical potential (l), hardness (g), softness (r), elec-

trophilicity index (x) and Nucleophilicity index (N) are

given by Eqs. (2)–(9). ETotal(N), ETotal(N - 1) and ETo-

tal(N ? 1) mean total energy of the (N)-electron systems,

total energy of the (N - 1)-electron systems and total

energy of the (N ? 1)-electron systems respectively. Enon-

pro., Epro. and EH? are energy of non-protonated inhibitors,

protonated inhibitors and H? ion, respectively.

3 Results and Discussion

3.1 Electrochemical Results

Figures 2 and 3 show the representative Tafel polarization

curves of steel in 1 M HCl solution in the presence of

4 9 10-4 M and 6 9 10-3 of TH and TBA. Similar data

were also obtained in the presence of other concentrations,

which are not brought here for summary.

The corresponding electrochemical parameters, i.e.,

corrosion potential (Ecorr vs. SCE), corrosion current den-

sity (Icorr), cathodic and anodic Tafel slopes (ba, bc) and
the degree of surface coverage (h) values were calculated

from these curves and are given in Table 1. The degree of

surface coverage for different concentrations of inhibitors

is calculated using the following equations [32]:

h ¼ I � _I

I
ð12Þ

Where I and İ are the corrosion current densities without

and with corrosion inhibitor, respectively, determined by

the intersection of the extrapolated Tafel lines at the cor-

rosion potential for steel in uninhibited and inhibited acid

solution.

The presence of inhibitors shifts both anodic and cathodic

branches to the lower values of corrosion current densities

and thus causes a remark able decrease in the corrosion rate

(Figs. 2, 3). It can be clearly seen from Figs. 2 and 3 that, as

would be expected, both anodic metal dissolution of iron

and cathodic hydrogen evolution reactions were inhibited

after the addition of inhibitor to the aggressive solution. This

result is indicative of the adsorption of inhibitor molecules

on the active sites of steel surface [20]. The inhibition of

both anodic and cathodic reactions is more pronounced with

the increasing inhibitor concentration. However, the influ-

ence is more pronounced in the cathodic polarization plots

compared to that of the anodic polarization plots.

The cathodic current–potential curves giving rise to

parallel lines indicates that the addition of inhibitors to the

1 M HCl solution does not modify the reduction mecha-

nism and the reduction at steel surface takes place mainly

through a charge transfer mechanism [33, 34]. The corro-

sion potential displayed small change versus SCE and

curves changed slightly towards the negative direction

(Figs. 2, 3) indicating an adsorption to protect steel, con-

sequently these compounds can be classified as mixed

corrosion inhibitors, as electrode potential displacement is

lower than 85 mV in any direction [35].

By increasing the inhibitor concentration, the polariza-

tion resistance increases in the presence of compound,

indicating adsorption of the inhibitor on the metal surface

to block the active sites efficiently and inhibit corrosion

[35]. Figures 2 and 3 show that the lower corrosion current

was obtained for TH and therefore, TH is more beneficial

rather than TBA. The best inhibition efficiency was about

99 % at concentration 6 9 10-3 M for TH.

Figures 4 and 5 shows the Nyquist diagrams of steel in

1 M HCl solution containing different concentrations of TH

and TBA at Ecorr. The plots show a depressed capacitive loop

Fig. 2 Tafel polarization curves for steel in the 1 M HCl (1), in the

presence of 4 9 10-4 M of TBA (2), TH (3)

Fig. 3 Tafel polarization curves for steel in the1 M HCl (1), in the

presence of 6 9 10-3 M of TBA (2), TH (3)
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which arises from the time constant of the electrical double

layer, and charge transfer resistance. As it can be seen, higher

charge transfer resistance was obtained in presence of TH.

The impedance of the inhibited steel increases with

increasing concentration of inhibitors and consequently,

the inhibition efficiency increases. The equivalent circuit

compatible with the Nyquist diagram recorded in the

presence of inhibitors is depicted in Fig. 6a.

To obtain a satisfactory impedance simulation of steel, it

is necessary to replace the capacitor (C) with a constant

phase element (CPE) Q in the equivalent circuit. The most

widely accepted explanation for the presence of CPE

behavior and depressed semicircles on solid electrodes is

microscopic roughness, causing an inhomogeneous distri-

bution in the solution resistance as well as in the double-

layer capacitance [36].

Table 1 Potentiodynamic polarization parameters for the corrosion of Mild steel in 1M HCL solution in absence and presence of different

concentrations of inhibitors

Inhibitor Concentration/M -Ecorr/mV Icorr/lA cm-2 ba/mVdec-1 -bc/mVdec-1 h IE %

Blank 444 794 159 215 – –

TH 4 9 10-1 484 50 64 202 0.93 93

6 9 10-3 503 13 61 110 0.98 98

TBA 4 9 10-4 475 251 75 134 0.68 68

6 9 10-3 479 79 69 132 0.83 83

Fig. 4 EIS spectra of carbon

steel for the blank test and

inhibition test at the

concentration of 4 9 10-4 M in

1 M HCl in the presence of

TBA and TH

Fig. 5 EIS spectra of carbon

steel for the blank test and

inhibition test at the

concentration of 6 9 10-3 M in

1 M HCl in the presence of

TBA and TH
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Constant phase element Qdl, Rs and Rct can be corre-

sponded to double layer capacitance, solution resistance,

and charge transfer resistance respectively. To corroborate

the equivalent circuit, the experimental data are fitted to the

equivalent circuit, and the circuit elements are obtained.

The equivalent circuit compatible with the Nyquist

diagram recorded in the absence of inhibitor is depicted in

Fig. 6b. Table 2 illustrates the equivalent circuit parame-

ters for the impedance spectra of corrosion of steel in 1 M

HCl solution. The results demonstrate that the presence of

inhibitors enhanced the value of Rct obtained in the pure

medium while that of Qdl is reduced. The decrease in Qdl

values was caused by adsorption of inhibitor indicating that

the exposed area got decreased. On the other hand, a

decrease in Qdl, which can result from a decrease in local

dielectric constant and/or an increase in the thickness of the

electrical double layer, suggests that inhibitors act by

adsorption at the metal–solution interface.

As the Qdl exponent (n) is a measure of the surface

heterogeneity, values of n indicates that the steel surface

becomes more and more homogeneous as the concentra-

tion of inhibitor increases as a result of its adsorption on

the steel surface and corrosion inhibition. The increase in

values of Rct and the decrease in values of Qdl with

increase in the concentration also indicate that inhibitors

act as primary interface inhibitors and the charge transfer

controls the corrosion of steel under the open- circuit

conditions.

3.2 Molecular Structure and Quantum Chemical

Calculation

3.2.1 Non-Protonated Inhibitors

Both inhibitors are optimized at M062X/6-311??G (d, p)

level and optimized structures of inhibitors are represented

in Fig. 7. Quantum chemical descriptors are calculated for

non-protonated TH and TBA and are listed in Table 3.

EHOMO is a quantum chemical descriptor/parameter and

mainly associated with electron donating ability of mole-

cules. High value of EHOMO implies the tendency of elec-

tron transfer to a low empty molecular orbital of

appropriate acceptor molecule. The low ELUMO value

indicates that the electron accepting ability of the molecule

is higher [31]. If the EHOMO and ELUMO are decisive for

investigated inhibitors, the ranking of the compounds

should be:

TH[TBA according to EHOMO and ELUMOð Þ

The EGAP is a significant parameter as a function of

activity of the corrosion inhibitors towards the metal

surface. The smaller EGAP values mean the more activity

and higher inhibition efficiency. According to EGAP values,

the ranking of inhibition efficiency should be as follows:

TH[TBA according to EGAPð Þ

Other important parameters are hardness (g) and

softness (r) to explain the inhibitors efficiencies.

Tendencies of electron transferring of inhibitors towards

the metal atom or metallic bulk can be discussed with hard-

soft-acid–base (HSAB) approximation [30]. According to

this approximation, hard/soft chemical species prefer to

Fig. 6 a Equivalent circuits compatible with the experimental

impedance data in Figs 4 and 5 for corrosion of steel electrode in

1 M hydrochloric acid solution. b Experimental and computer fit

result of Nyquist plot for steel in 1 M HCl at 25 �C

Table 2 Impedance data for steel in 1 M HCl solution without and with different concentrations of inhibitors at 25 �C

Inhibitor Concentration/M Rs/X cm2 Rct/X cm2 Qdl/mF cm2 Cdl/mF cm2 n

Blank 1.6 56 0.683 0.210 0.74

TH 4 9 10-4 1.7 541 0.138 0.061 0.76

6 9 10-3 1.4 770 0.105 0.052 0.78

TBA 4 9 10-4 1.8 186 0.253 0.091 0.75

6 9 10-3 1.2 568 0.180 0.075 0.76
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coordinate to hard/soft species. As a result, soft species are

to be most effective for metallic bulks. Because metallic

bulk is softer than metal atoms [37]. According to softness

values, inhibition efficiency ranking should be:

TH[TBA according to softnessð Þ

Another important parameter is global electronegativity.

The absolute electronegativity is related with freedom of

electron mobility in molecule. The small electronegativity

means that electrons in inhibitors are freer than others.

Corrosion inhibitors coordinate to the metal surface by

giving electrons. The inhibition efficiency, therefore,

increases with decreasing of absolute electronegativity

values. According to this parameter, inhibition efficiency

ranking should be as follow:

TH[TBA according to absolute electronegativityð Þ

The other important parameters are x and N. The

electrophilicity index (x) implies the ability of the inhibitor

molecules to accept electrons. Nucleophilicity index (N)

displays the ability of inhibitors to donate electrons. The

inhibition efficiency increases with increasing the N value

or decreasing the x value. According to the N and x,
theoretical inhibition efficiency ranking should be:

TH[TBA according to electrophilicity and nucleophilicity indexesð Þ

All rankings are appropriate with their experimental

results.

3.2.2 Determination of Active Site

Active site of TH is only sulphur atom. Since, there are

three bonds around the nitrogen atoms while for sulphur

atom its octet is not completed. As for the TBA, there are

three different heteroatoms which are oxygen, nitrogen and

sulphur atoms. Proton affinity (PA) of each heteroatom in

TBA are calculated as 180.517, 193.686, 342.734, 346.538,

305.237 kJ mol-1 for N1, N2, O1, O2 and S atom in TBA

molecule, respectively. The lower PA values mean stronger

proton acceptor. Therefore, N1 atom in TBA is an active

site for corrosion. Contour diagram of HOMO for each

inhibitor are calculated and represented in Fig. 8.

According to Fig. 8, sulphur atom in TH is an active site

because HOMO electrons are mainly localized on sulphur

atom. As for the HOMO of TBA, electrons are localized on

whole molecule. It is therefore difficult to say active site

for TBA. As a result, S atom in TH molecule and N1 atom

in TBA molecule are active sites for our inhibitors.

3.2.3 Molecular Electrostatic Potential (MEP) Map

and Contour

Molecular electrostatic potential (MEP) map are contoured

and related to electron density on the inhibitor surface.

MEP maps and contours of investigated inhibitors are

Table 3 Quantum chemical descriptors for non-protonated inhibitors at M062X/6-311 ??G(d,p) level in gas phase

Inhibitor EHOMO (eV) ELUMO (eV) EGAP (eV) I (eV) A (eV)

TU -7.259 -0.579 6.680 -0.372 8.282

TBA -8.188 -0.159 8.029 -0.775 8.987

Inhibitor g (eV) r (eV-1) v (eV) x (eV) N (eV-1)

TU 4.327 0.231 3.919 1.775 0.563

TBA 4.881 0.205 4.174 1.784 0.560

Fig. 7 Optimized structures of TU and TBA at M062X/6-

311??G(d,p) level in gas phase

Fig. 8 Contour diagrams of HOMO in TU and TBA molecules at

M062X method with 6-311??G(d,p) basis set
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calculated at the M062X/6-311??G(d,p) level and repre-

sented in Fig. 9.

Different values of electrostatic potential at MEP map are

shown by different colors, which are between red and blue.

The color between red and green in MEP map are related to

electrophilic reactivity, the color between green and blue in

MEP map is related to nucleophilic reactivity. According to

Fig. 9, electrophilic active regions are around the S atom in

TH and N1, O1 and O2 atoms in TBA molecule. As for the

MEP contour, yellow lines are related to positive chargewhile

red lines are related to negative charges [38]. According to

MEP contours, steric effects aroundN2 atom in TBA are seen

clearly, and S atom is an active site for TH while N1 atom is

mainly an active site for TBA molecule.

3.2.4 Solvent Effect

Electrochemical reactions take place in solution, and it is

important to take into account the solvent effects when TH

is dyeing the interaction between metal and inhibitors. It is

known that the phenomenon of electrochemical corrosion

appears mainly in water, and it is expected that the

inhibiting molecules in solution behave differently from

that in gas phase. It is therefore, necessary to include the

solvent effect in the computations. Investigated inhibitors

are re-optimized at M062X/6-311??G(d,p) level in water.

Mentioned descriptors are recalculated and listed in

Table 4.

According to above explanation, as in ‘‘Non-protonated

inhibitor’’ section, inhibition efficiency ranking is calcu-

lated mainly as follows, except nucleophilicity index:

TH[TBA

3.3 Surface Analysis

The AFM technique was employed to reveal the surface

microstructure of metal after the corrosion test [39].

Figure 10 depicts the morphologies of steel specimens

Fig. 9 MEP maps contours of

investigated inhibitors at

M062X/6-311??G(d,p) level

in gas phase

Table 4 Quantum chemical descriptors for non-protonated inhibitors at M062X/6-311??G(d,p) level in water

Inhibitor EHOMO (eV) ELUMO (eV) EGAP (eV) I (eV) A (eV)

TU -7.745 -0.005 7.740 1.590 6.236

TBA -9.519 1.271 10.790 0.807 6.957

Inhibitor g (eV) r (eV-1) v (eV) x (eV) N (eV-1)

TU 2.323 0.430 3.875 3.232 0.309

TBA 3.075 0.325 4.124 2.766 0.362
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Fig. 10 Surface of steel

electrode by atomic force

microscopy after 6 h immersion

at OCP in 1 M HCl solution:

a without b with 6 9 10-3 M

TBA and c with 6 9 10-3 M

TH
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after immersion for 6 h in 1 M HCl solutions without and

with 6 9 10-3 M TH and TBA. In the absence of inhi-

bitor (Fig. 10a) the surface displayed a very irregular

topography due to corrosion attack. The average rough-

ness Ra of steel in 1 M HCl solution without inhibitor was

calculated as 1.36 lm by atomic force microscopy

(Fig. 10a). In the presence of TH and TBA, smoother

surface was obtained and the Ra value decreased to 138

and 396 nm (Fig. 10b, c) as a consequence of low cor-

rosion damage and the protective formation of an inhi-

bitor layer on the steel surface.

Figure 11 represents the micrograph obtained for steel

samples in presence and in absence of 6 9 10-3 M inhibi-

tors after immersion for 6 h. It is clearly seen that steel

surfaces suffer from severe corrosion attack in the blank

sample. It is important to stress out that when the compound

is present in the solution, the morphology of steel surface is

quite different from the previous one, and the specimen

surfaces were smoother. We noted the formation of a film

which is distributed in a random way on the whole surface of

the steel. This may be interpreted as due to the adsorption of

the inhibitors on the steel surface incorporating into the

Fig. 11 Surface of steel electrode by SEM micrograph after 6 h immersion at OCP in 1 M HCl solution: a without b with 6 9 10-3 M TBA and

c with 6 9 10-3 M TH
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passive film in order to block the active site present on the

steel surface. Alternatively, the involvement of inhibitor

molecules in the interaction with the reaction sites of steel

surface, resulted in a decrease in the contact between steel

and the aggressive medium and sequentially exhibited

excellent inhibition effect [40, 41].

4 Conclusions

The following main conclusions are drawn from the pre-

sent study:

1. The addition of TH and TBA compounds to the 1 M

HCl solution reduces corrosion of steel. It was found

that TH is more efficient corrosion inhibitor for steel

protection.

2. Polarization measurements demonstrate that inhibitors

behaved as mixed type corrosion inhibitor by inhibit-

ing both anodic metal dissolution and cathodic hydro-

gen evolution reactions.

3. Impedance measurements indicate that with increasing

inhibitor concentration, the polarization resistance

(Rct) increased, while the double-layer capacitance

(Cdl) decreased.

4. The high resolution AFM and SEM micrographs were

shown. The corrosion of steel in 1 M HCl solution was

described by corrosion attack and the addition of

inhibitors to the aggressive solutions diminished the

corrosion of steel.

5. Data was obtained from quantum chemical calculations

at M062X/6-311??G(d,p) level in gas phase. Levels of

theory were correlated to the inhibitive effect of

inhibitors. Both experimental and theoretical calcula-

tions are in agreement. Theoretically, inhibition effi-

ciency ranking mainly is determined as TH[TBA.
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