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Abstract The inhibitory effect of 3a,6a-diphenyltetrahy-

dro-1H-imidazo [4,5-c] [1, 2, 5] thiadiazole-5(3H)-thione

2,2-dioxide (TTU) on the corrosion behaviour of mild steel

in 0.5 M H2SO4, at (30 ± 0.5) �C was studied by gravi-

metric, potentiodynamic polarization, electrochemical

impedance spectroscopy, and scanning electron micros-

copy measurements. The effect of inhibitor concentration

on the corrosion rate, surface coverage and inhibition

efficiency is investigated. Results show that TTU exerts a

strong inhibiting effect on mild steel corrosion and acts as a

cathodic-type inhibitor. TTU does not affect the mecha-

nism of the cathodic reaction while the anodic reaction

mechanism changes upon addition of the inhibitor. Possible

mechanistic pathways for the inhibition process are pro-

posed. The inhibition efficiency of TTU may be due to

either the adsorption of inhibitor molecules building a

protective film or the formation of an insoluble complex of

the inhibitor with metal cations. TTU adsorption obeys the

Langmuir model.

Keywords Acid inhibition � Imidazolidine-2-thione �
Weight loss � EIS � Potentiodynamic polarization

1 Introduction

The main objective of applying the acid pickling process

(i.e., removal of oxide and other scales from the surface) to

steel products is the elimination of irregular conditions and

the promotion of surface smoothness of the finished

product. Consequently, pickling is usually the previous step

to hot-dip coating or electroplating [1]. As acidic media,

hydrochloric acid (HCl) and sulphuric acid (H2SO4) are

often used as industrial acid cleaners and pickling acids [2].

However, since the acid also reacts with the base steel, an

inhibitor is usually added to the acid solution to inhibit or

lessen this acid attack on the steel itself while allowing

preferential removal of the iron oxides [3]. The distinction

between acid cleaning and acid pickling is a matter of

degree, with acid cleaning as a less severe treatment for

final or near-final preparation of metal surfaces before

plating, painting, or storage. Acid solutions of 40–60 %vol

hydrochloric or 6–8 %vol sulphuric (often containing up to

1 % inhibitor) are used at room temperature for removing

soil and light rust.

Among the most important organic corrosion inhibitors for

acid media, heterocyclic compounds containing endocyclic

and/or exocyclic N, S, O atoms are considered to be the most

effective [2]. Noteworthy, the inhibition efficiency of

N-heterocyclic organic inhibitors increases with the number

of aromatic systems and the availability of electronegative

atoms in the molecule [4]. Therefore, this work aims at

studying the inhibitory effect of a novel N-heterocyclic

compound first synthesized in our laboratory [5] on the cor-

rosion of mild steel in 0.5 M H2SO4, at (30 ± 0.5) �C.
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2 Experimental

2.1 Inhibitor

The inhibitor 3a,6a-diphenyltetrahydro-1H-imidazo[4,5-c]

[1, 2, 5] thiadiazole-5(3H)-thione 2,2-dioxide (TTU) was

synthesized according to the procedure proposed by us [5].

Figure 1 shows the molecular structure of this compound.

The inhibitor is a bis (N-heterocyclic) molecule containing

sulphur and oxygen. In this molecule four nitrogen atoms

([N–H) and one sulphur atom ([C=S) are potentially

capable of acting as the main active centres of adsorption

[6–8]. It is well known that the heterocyclic thione donors

have a wide range of applications that include metallic

corrosion inhibition [7, 9].

The concentration range of the inhibitor was

30–120 lM in the corrosive medium.

2.2 Specimens and electrolytes

Composition of mild steel (percent by mass) was as fol-

lows: C-0.21; Mn-0.9; P-0.022; Si-0.03; S-0.030; Cr-0.11;

Ni-0.12; Mo-0.022; Al-0.07; Cu-0.15 and the balance Fe.

Steel samples were wet-ground with silicon carbide

abrasive papers (grades #400 to #1000) and then thor-

oughly ultrasonically rinsed with MilliQ� water, ultrason-

ically degreased with acetone, and finally, dried with a

warm air stream immediately before use. The corrosive

solution used was prepared with H2SO4 AR (Merck Quı́-

mica Argentina SAIC, BA, Argentina) and MilliQ� water.

2.3 Gravimetric measurements

Weight loss experiments were conducted on test coupons

of size 3.0 cm 9 3.0 cm 9 0.14 cm. Specimens were

prepared immediately before use as described above (see

Sect. 2.2). Cleaned weighed coupons were freely sus-

pended in glass reaction vessels containing the test solu-

tions. Experiments were performed under total immersion

conditions in 250 mL of 0.5 M H2SO4 naturally aerated

and unstirred, without and with the addition of TTU in

different concentrations. Solutions were kept at (30 ± 0.5)

�C using a thermostated water bath. To determine weight

loss, coupons were removed after 24 h of immersion,

placed in 20 %w/v NaOH solution containing 200 g/L of

zinc dust, scrubbed with a bristle brush, washed with

copious amounts of water and then with acetone, dried, and

weighed. The difference between the weight after immer-

sion and initial weight corresponds to the weight loss.

Experiments were performed in triplicate to verify repro-

ducibility of results. Triplicate determinations showed

good reproducibility, which was greater than 95 %.

2.4 Electrochemical measurements

Steel samples for electrochemical experiments were

machined into cylindrical specimens and then embedded in

polytetrafluoroethylene (PTFE) with an exposed geomet-

rical area of 0.283 cm2. The exposed surface was also

cleaned as described above (see Sect. 2.2). Electrochemical

experiments were conducted in a three-electrode electro-

chemical cell using a Zahner IM6 electrochemical work-

station. A platinum sheet was used as the counter electrode,

and a saturated calomel electrode (SCE) was used as the

reference. All potentials in this work are referred to the

SCE (0.2,411 V with respect to the standard hydrogen

electrode). Measurements were performed in naturally

aerated and unstirred solutions at the end of 24 h of

immersion at 30 ± 0.5 �C, controlled using a thermostated

water bath. Impedance measurements were carried out at

the corrosion potential (Ecorr) over a frequency range from

50 kHz to 100 mHz, with a perturbation signal amplitude

of 10 mV. Potentiodynamic polarization experiments were

conducted in the potential range between -100 and

?100 mV versus Ecorr at a scan rate of 0.2 mV s-1. Each

test was run in triplicate to verify the reproducibility of

results.

2.5 SEM surface analysis

Morphological studies of the mild steel samples were

undertaken by scanning electron microscope (SEM)

examinations of surfaces exposed to different test solu-

tions, using a Quanta 200 (FEI, Holland) SEM operating

with a tungsten filament as the electron source. Mild steel

specimens of size 3.0 cm 9 3.0 cm 9 0.14 cm were

ground as described above (see Sect. 2.2) and thereafter

polished using a cloth with 5lm diamond paste to obtain a

near mirror-like finish on the surface. Samples were sub-

sequently immersed for 24 h in the blank solution (0.5 M

H2SO4) without and with 120 lM TTU at (30 ± 0.5) �C,

and finally, they were washed with distilled water, dried in

warm air, and submitted for SEM surface examination.

NH NH
S

O O

NH NH

S

1,2,5-thiadiazolidine 1,1-dioxide 
moiety 

1,3-imidazolidine-2-thione 
moiety 

Fig. 1 Molecular structure of 3a,6a-diphenyltetrahydro-1H-imi-

dazo[4,5-c] [1, 2, 5]thiadiazole-5(3H)-thione 2,2-dioxide (TTU)
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3 Results and discussion

3.1 Corrosion inhibition evaluation

3.1.1 Gravimetric measurements

From weight loss values, corrosion rates (m) were computed

using Eq. 1.

m ¼ m1�m2ð Þ =A� t ð1Þ

where m1 and m2 are weights (mg) of mild steel coupons

before and after immersion in test corrosive solutions,

respectively, A is the exposed area of a specimen (cm2) and

t is the immersion time (h).

The inhibition efficiency (%g) of TTU was evaluated

from Eq. (2).

%g ¼ 100 � ðm0 � mÞ=m0 ð2Þ

where m0 and m are the corrosion rates in 0.5 M H2SO4 in

the absence and presence of the inhibitor, respectively, at

the experimental temperature.

Values for %g and m for mild steel in 0.5 M H2SO4

without and with different concentrations of TTU, at 30�C

are shown in Table 1. Reported results correspond to

average values.

Assuming that g is a direct measure of the degree of

surface coverage (h), Eq. 3 can be used to estimate this

value for the different concentrations of TTU from weight

loss data.

h ¼ %g=100 ð3Þ

Results in Table 1 indicate that the corrosion rate

decreases after the addition of TTU when compared with

the blank solution (0.5 M H2SO4) and that TTU acts as an

efficient corrosion inhibitor. Moreover, corrosion rate

decreases markedly after changing TTU concentration

from 0 to 30 lM. However, above this TTU concentration,

further decrease in corrosion rate becomes less marked. A

decrease in corrosion rate in the presence of TTU corre-

sponds to an increase in inhibition efficiency (Eq. (2)).

Inspection of data in Table 1 reveals that %g increases

markedly in the presence of 30 lM TTU when compared

with the blank solution. However, for higher TTU con-

centrations the increase in inhibition efficiency becomes

less pronounced. This behaviour indicates that TTU acts as

an effective inhibitor even at low concentrations. Corrosion

inhibition is thought to be initiated by the displacement of

adsorbed water molecules by the inhibitor species that

leads to the specific adsorption of the inhibitor on the metal

surface [10]. Heteroatoms (N, O and exocyclic S) with lone

pair electrons and possibly aromatic rings with p-electrons,

may donate electrons to the vacant d-orbital of Fe atoms,

and as a result, the adsorption of TTU takes place.

3.1.2 Potentiodynamic polarization measurements

Potentiodynamic polarization measurements were per-

formed in the absence and presence of different concen-

trations of TTU in order to obtain inhibition efficiency

values and to gain a deeper insight into mechanistic aspects

of the inhibition process. Figure 2 shows typical potentio-

dynamic polarization curves measured with steel samples

after 24 h immersion in 0.5 M H2SO4 without and with

different concentrations of TTU. From Fig. 2, it can be

observed that the mild steel specimen exhibits active dis-

solution with no distinctive transition to passivation within

the studied potential range, as expected for highly acidic

solutions. After inhibitor addition the following charac-

teristic features can be clearly observed from data in Fig. 2:

(i) addition of the inhibitor results in a larger slope for the

anodic Tafel straight lines ba, while the cathodic Tafel

slope remains invariant; (ii) the corrosion potential Ecorr

shifts towards more negative values; (iii) increasing the

concentration of the inhibitor changes neither the anodic

nor the cathodic Tafel slopes. These features can be

Table 1 Corrosion rates and inhibition efficiencies of mild steel in

0.5 M H2SO4 with different concentrations of TTU as obtained from

weight loss measurements

Concentration of TTU (lM) m (mg cm-2 h-1) %g h

0 0.454 – –

30 0.093 79.6 0.796

60 0.042 90.6 0.906

90 0.039 91.3 0.913

120 0.030 93.4 0.934
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Fig. 2 Polarization curves for mild steel in 0.5 M H2SO4 without

(filled circle) and with various concentrations of TTU [30 lM (filled

square); 60 lM (filled inverted triangle); 90 lM (filled triangle);

120 lM (filled diamond)], at 30 �C
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understood in terms of decreasing cathodic areas with

increasing TTU concentration and a change in the oxida-

tion reaction mechanism associated with the addition of the

inhibitor. However, the anodic kinetic parameters for the

metal dissolution reaction remain independent of TTU

concentration. Consequently, even though TTU acts

mainly as a cathodic inhibitor, when absent, the anodic

mechanistic pathway is different and related to a larger

value of the transfer coefficient, or put in other words,

related to a less polarized electrochemical reaction.

Values for anodic and cathodic Tafel slopes, corrosion

current density (jcorr), corrosion potential (Ecorr), polari-

zation resistance (Rp) and inhibition efficiency (%g) cal-

culated from polarization data are presented in Table 2 for

test solutions without and with different concentrations of

the inhibitor. jcorr values and Tafel slopes were determined

directly from the low-overvoltage (non-Tafel) region

through curve fitting [11, 12].

In agreement with weight loss measurements, there is an

increase in the inhibition efficiency values as TTU con-

centrations increase.

3.1.3 Electrochemical impedance spectroscopy (EIS)

The corrosion behaviour of mild steel, in acidic solutions

of TTU, was investigated by EIS after immersion for 24 h,

at (30 ± 0.5) �C. EIS experiments were primarily per-

formed as an independent and complementary means of

determining, in a rapid and accurate way, corrosion rates

for mild steel in inhibited 0.5 M H2SO4 solutions. The

analysis was focused on how the impedance response is

modified by the presence of TTU. Figure 3 shows imped-

ance spectra represented as Nyquist plots and obtained for

mild steel in the absence of TTU and in the presence of

different TTU concentrations. Impedance spectra typically

show a single depressed capacitive semicircle within the

studied frequency range. The capacitive loop contains

double layer capacitance (Cdl) charging effects and addi-

tionally, reflects resistive phenomena due to the charge

transfer resistance Rt. In this case Rt is the single element in

the Faradaic impedance of the interfacial reactions [13, 14].

Moreover, inspection of Fig. 3 reveals that addition of

TTU to the corrosive medium results in a continuous

increase in the size of the semicircle in the Nyquist plot for

increasing concentrations of the inhibitor. This response is

a clear indication of the inhibition of the corrosion process.

The system considered here is characterized by a simple

corrosion process with both anodic and cathodic reactions

under strict electron-transfer control and uniform corrosion

on homogenous surfaces. Consequently, the impedance in

this case can be described by an equivalent circuit resulting

from the electrolyte resistance Rs in series connection with

a parallel combination of the interfacial capacitance and

the charge transfer resistance. Moreover, in studies of

corroding systems, constant phase elements (CPEs) are

most often used to describe the frequency dependence of

nonideal capacitive behaviour. The impedance of a CPE is

given by Eq. 4.

ZðCPEÞ ¼ Y�1
0 jxð Þ�n ð4Þ

with j =
ffiffiffiffiffiffiffi

�1
p

and x = 2 p f, where f is the frequency of

the sinusoidal perturbation signal.

Conversion of fit parameter Y0 into Cdl can be per-

formed according to the following relationship (Eq. 5)

[15].

Cdl ¼ 2 p f
00

m Rt

� ��1

ð5Þ

where fm
’’ is the frequency at which the imaginary compo-

nent of the impedance is at a maximum while charge

transfer resistance Rt values result from the parametric fit

of the experimental spectra to the equivalent circuit

equation.

The inhibition efficiency of the corrosion of steel was

calculated using Eq. 6.

Table 2 Electrochemical parameters for the corrosion of mild steel

in 0.5 M H2SO4 solution with and without different concentrations of

inhibitors at 30 �C

TTU

concentration

(c) (lM)

jcorr

(mA/

cm2)

ba

(mV)

bc

(mV)

Rp

(Xcm2)

Ecorr

(mV)

%g
(Rp)
a

0 1.10 78 43 11 -502 0

30 0.57 107 47 25 -525 56.0

60 0.40 102 46 34 -536 67.6

90 0.30 106 45 46 -555 76.1

120 0.27 113 51 56 -567 80.4

a %g(Rp) = 100 9 (1– Rp�/Rpinh), where Rp� and Rpinh are the

polarization resistances in the absence of TTU and in the presence of

different concentrations of TTU, respectively

0 40 80 120 160
0
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Z
'' 

(Ω
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2 )

Z' (Ω cm2)

Fig. 3 Nyquist plots for mild steel in 0.5 M H2SO4 without (filled

circle) and with different concentrations of inhibitor (30 lM (filled

square); 60 lM (filled inverted triangle); 90 lM (filled triangle);

120 lM (filled diamond))
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%gEIS ¼
R�1

t o � R�1
t inh

R�1
t inh

� 100 ð6Þ

where Rto and Rt inh are the charge transfer resistance

values corresponding to electrolytes without and with

added inhibitor, respectively. Impedance parameters

derived from this analysis are given in Table 3. Results in

Table 3 show that the value of the charge transfer resis-

tance increased in the presence of TTU when compared to

the blank solution. It is also observed that Rt increases with

an increase in TTU concentration which, in turn, deter-

mines an increase in %g values. This behaviour is the same

as that observed with weight loss and polarization methods.

To show the goodness of fit of the simulation model,

fitted impedance spectra are shown in Figs. 4a,b containing

Nyquist and Bode plots for the sulphuric solution without

added inhibitor and the sulphuric acid solution containing

30 lM TTU.

3.2 Surface morphological examination

Surface morphologies of the unexposed steel sample as

well as those of samples immersed for 24 h in 0.5 M

H2SO4 solution, in the absence and presence of 120 lM

TTU at 30 �C, were examined using SEM. The results

shown in Fig. 5b reveal that the mild steel specimen

exhibits a very rough surface in the absence of TTU due to

corrosive attack by the acid solution. In the presence of

TTU (Fig. 5c) surface roughness reduces indicating the

inhibiting effect of TTU. The attack was relatively uniform

with slight evidence of selective corrosion (compare

Fig. 5c with Fig. 5a for the unexposed mild steel).

Table 3 Electrochemical impedance parameters for mild steel in

0.5 M H2SO4 without and with different concentration of TTU, after

24 h of immersion, at (30 ± 0.5) �C

Concentration of TTU

(c) (lM)

Rt

(Ohm.cm2)

Cdl

(lF/cm2)

%gEIS

0 12 2,423 –

30 60 566 80

60 75 205 84

90 105 145 88

120 152 120 92
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Fig. 4 Nyquist and Bode plots

for mild steel in 0.5 M H2SO4

without (a) and with 30 lM of

TTU (b)
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3.3 Inhibitor adsorption

Basic information regarding the interaction between the

inhibitor molecules and the mild steel surface can be pro-

vided in terms of the adsorption isotherm. Attempts were

made to fit experimental data to various isotherms includ-

ing Frumkin, Langmuir and Temkin models. Results were

best fit to the Langmuir adsorption isotherm (Eq. 7).

C

h
¼ 1

K
þ C ð7Þ

where C is the inhibitor concentration, K is the adsorption

equilibrium constant, and h is the surface coverage (Eq. 3).

Plotting C/h against C yields a straight line as shown in

Fig. 6. Both linear correlation coefficient (r = 0.9993) and

slope (1.0467) are very close to 1, indicating the adsorption

of TTU on steel surface obeys the Langmuir adsorption

isotherm. A large value for K (6.00 9 106 M-1) was calcu-

lated. It was shown that K values larger than 100 are asso-

ciated with a strong and stable adsorbed layer of inhibitor on

the metal surface [16]. K is related to the standard free energy

of adsorption (DG�) according to Eq. 8.

K ¼ 1

55:5
expð�DG0

RT
Þ ð8Þ

where R is the gas constant (8.314 JK-1 mol-1), T the

absolute temperature (K), and the value 55.5 is the con-

centration of water in solution expressed in molar units.

Negative values of DG� are widely accepted as ensuring

a spontaneous adsorption process and formation of a stable

adsorbed layer on the steel surface [17–19]. In fact,

DG rather than DG� has to be considered as the criterion of

spontaneous change under non-standard conditions (at

constant temperature and pressure) [20]. However, the easy

availability of DG� values explains why they are usually

used to get a rough idea of the direction of spontaneous

change. The present study gives a value of DG� = -49.4

kJmol-1. Since DG� is not significantly negative, we can

not ensure that the adsorption process will be spontaneous

and virtually complete under any reasonable set of

conditions.

3.4 Explanation for the inhibition process

The inhibition mechanism can be understood in terms of

the adsorption of the inhibitor at the steel/solution inter-

face. Inhibitor adsorption is related to its chemical

structure, the nature and charge on the metal surface and

the composition of the corrosive medium. The TTU

chemical structure (Fig. 1) shows that the molecule has

various possible active sites for the adsorption process.

Accordingly, at least four types of adsorption involving

TTU molecules on steel surface may be considered, as

follows:

(i) In an acid solution a fraction of TTU molecules can

be protonated. Protonation of TTU takes place at the S

atom of the 1,3-imidazolidine-2-thione moiety, as indi-

cated in Eq. (9) [21–23]. It is well known that the equi-

librium position between cyclic thiamides and the

tautomeric imidothiol form shifts towards the thioamide

Fig. 5 SEM images (95000) for: a unexposed mild steel, b mild steel after immersion in 0.5 M H2SO4, and c mild steel after immersion in 0.5

M H2SO4 containing 120 lM TTU, at 30 �C for 24 h

C (μM)

20 40 60 80 100 120 140

C
/θ

20

40

60

80

100

120

140

Fig. 6 Langmuir adsorption isotherm for TTU on mild steel in 0.5 M

H2SO4, at 30 �C
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side [24, 25].

H2O
+

NH NH

S

NH NH

SH
+

+ H2O

TTU TTUH+

ð9Þ

Thus in aqueous acidic solutions, protonated cations

(TTUH?) coexist with neutral molecules (TTU).

Considering that the potential of zero charge (Epzc) for

iron in 0.5 M H2SO4 is -550 mV vs. SCE [2, 26] and Ecorr

was measured to be -502 mV versus SCE, the steel sur-

face is positively charged. Since SO4
2- anions can adsorb

specifically, they might create an excess negative charge on

the metal surface and favour further adsorption of the

cationic TTUH? species [27].

(ii) TTU may adsorb on the metal surface via a

chemisorption mechanism that involves coordinate bonds

between the lone electron pairs of the N, O and exocyclic S

atoms and the vacant d-orbitals of Fe atoms. Similarly, p-

electrons in the aromatic phenyls of TTU can drive

adsorption through a donor–acceptor interaction.

(iii) TTU contains a thiocarbonyl group ([C=S) that

represents a group of known ligands [7]. Thus, TTU may

combine with freshly generated Fe2? ions on the steel

surface forming metal inhibitor complexes (Eqs. 10, 11).

These complexes at the steel surface may form a blocking

barrier to further iron dissolution.

Fe� Feþ2 þ 2e ð10Þ

TTUþ Fe2þ
� TTU� Fe½ �2þ ð11Þ

(iv) Considering the Volmer step of the well-known hydro-

gen evolution mechanism [28–30] protonated TTUH? may

adsorb competing with hydrogen ions for the available

cathodic sites and hence hinder hydrogen evolution.

4 Conclusions

(1) TTU acts as a good inhibitor for the corrosion of mild

steel in 0.5 M H2SO4 solutions. Inhibition efficiency

(%g) increases with the inhibitor concentration, and the

maximum %g value is 93.4 % for 120 lM TTU.

(2) In sulfuric acid media, the adsorption of TTU obeys

the Langmuir adsorption isotherm. The standard free

energy (DG�) is not large enough to consider that the

adsorption of TTU will be spontaneous and complete

under every reasonable composition of the system.

(3) TTU acts as a cathodic-type inhibitor in 0.5 M

H2SO4, since it primarily retards the cathodic reaction.

(4) Different mechanisms for the adsorption of TTU

must be considered since the following alternatives are

possible: electrostatic attraction between anions (SO4
2-)

and protonated inhibitor molecules, sharing of electrons

between the N, S and O atoms and Fe, donor–acceptor

interactions between p-electrons of aromatic rings and

vacant d-orbitals of Fe and adsorption of complexes of

the type [TTU-Fe]2?.
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