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Abstract
Weight loss measurement and electrochemical techniques were used as the methods for
studying the inhibition effects of 4-methyl-2-(methylthio)-3-phenylthiazol-3-ium iodide (ST1)
on carbon steel corrosion in 0.5 M H2SO4. The results reveal that corrosion rate of carbon
steel decreases with addition of ST1 in 0.5 M H2SO4. The corrosion rate and inhibition
efficiency were found to depend on the concentration of the inhibitor. Inhi bition efficiencies
up to 99% can be obtained. The polarization data indicated that the inhibitor was of mixed
type, with predominant effect on the cathodic partial reaction. Changes in impedance
parameters (charge transfer resistance, Rt, and double layer capacitance, Cdl) confirm that
corrosion inhibition was due to adsorption on the metal surface following the Langmuir
adsorption isotherm. The results obtained from the three different techniques were in good
agreement. The influence of the immersion time shows that the inhibiting molecules form a
stable and efficient film. XPS analyses clearly show that the adsorption mechanism of ST1 on
the carbon steel surface in 0.5 M H2SO4 solution is mainly physical adsorption.
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1. Introduction
It is known that among of the major problems of the oil and gas industry is the corrosion of
pipes lines made by steels because their resistance to corrosion is very low. Therefore, the
use of corrosion inhibitors is among the most popular methods of protecting these
materials. These inhibitors are used in small quantities and their adsorption on the surface
of the metal forms a protective barrier between the corrosive solution and the material [1–3].
Most inhibitors are synthesized organic compounds containing hetero-atoms such as
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nitrogen, sulfur, phosphorus and/or oxygen [4–6]. Thiazole derivatives have a very high
inhibitory effect for steel [7–9], as well as for copper and its alloys [10–12], for aluminum
alloy [13] and for zinc [14–15].
In the present investigation an attempt has been made to evaluate the inhibiting action
of 4-methyl-2-(methylthio)-3-phenylthiazol-3-ium (ST1) on the corrosion of CS in 0.5 M
H2SO4 solution. Chemical and electrochemical methods were used to determine the rate of
corrosion and corrosion inhibition efficiencies. The structure of organic additive used as
inhibitor is shown in Figure 1.

Figure 1. Chemical structure of 4-methyl-2-(methylthio)-3-phenylthiazol-3-ium iodide (ST1).

2. Experimental
2.1. Weight loss studies
C38 steel sheets having rectangular shape with an exposed area of 2.25 cm2 were used for
the corrosion rate measurements. The samples were at first washed with water, grounded
with different grades of emery papers, washed with water and rinsed with acetone. The
dried and weighed samples were placed in 1 dL of 0.5 M H2SO4 solutions with and without
inhibitor for one hour at 303 K. Multiple experiments were performed in each case and the
mean value of the weight loss was noted. Corrosion rate and inhibition efficiency (IE, %)
were calculated.
2.2. Potentiodynamic polarization studies
The potentiodynamic polarization studies were carried out with CS strips having an
exposed area of one square centimeter. A conventional three electrode cell consisting was
used: CS as working electrode, platinum as counter electrode, and a saturated calomel
(SCE) as reference electrode. Potentiodynamic polarization studies were carried out using
an Autolab Potentiostat-Galvanostat and the data was analyzed using General purpose
electrochemical system software. At a constant scan rate of 0.5 mV/s from open circuit
potential (OCP), anodic and cathodic polarization curves were obtained. The inhibition
efficiencies were calculated from corrosion currents determined using the Tafel
extrapolation method.

Int. J. Corros. Scale Inhib., 2019, 8, no. 3, 613–627

615

2.3. Electrochemical impedance studies
Electrochemical impedance measurements were carried out using an electrochemical
system frequency response analyzer (FRA). The electrochemical impedance spectra (EIS)
were acquired in the frequency range 10000 to 0.01 Hz at the OCP by applying 5 mV sine
wave AC voltage. The double layer capacitance (CPE) and the charge transfer resistance
(Rt) were determined from Nyquist plots. The inhibition efficiencies were calculated from
Rt values.
2.4. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) spectra were recorded by a XPS KRATOS, AXIS
UltraDLD spectrometer with the monochromatized Al-K α X-ray source (h = 1486.6 eV)
and an X-ray beam of around 1 mm. The detailed description and the method of
preparation and analysis of the speculators is the same as that described in our previous
works [3, 16].
3. Results and discussion
3.1. Weight loss measurements
Table 1 regroups the corrosion parameters obtained from weight loss measurements on the
corrosion rate of CS in 0.5 M H2SO4. It was observed that a important decrease in
dissolution rate occurred over the concentration range from 10−6 M to 10−3 M.
The inhibition efficiency of ST1 for the corrosion of CS was calculated from the
Equation 1:
W
(1)
IEWL  (1  i ) 100 ,
W0
where W0 and Wi are the values of corrosion weight losses of C38 steel in the absence and
the presence ST1, respectively.
The inhibition of corrosion of CS by ST1 can be explained in terms of adsorption on
the metal surface by the interaction between lone pairs of electrons of heteroatoms such as
the sulfur of this compound and the metal surface. The inhibitory effect was explained by
the existence of vacant orbitals of low energy in iron atom, as observed in the transition
group metals [3–5, 16]. The inhibition efficiency was estimated to be superior to 60%,
even at very low concentration (5·10–5 M), reaching a maximum value (99%) at 10–3 M of
ST1 in the test solution.
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Table 1. Corrosion rate of CS and inhibition efficiency for various concentrations of ST1 for CS corrosion
in 0.5 M H2SO4 at 303 K.
Conc.

Corrosion rate

IEWL

(M)

(mg·cm2·h–1)

(%)

Blank

6.65

–

10–6

6.60

07.52

10–5

4.52

32.03

2.66

60.00

2.32

65.11

0.51

92.33

0.06

99.10

–5

5·10

–4

10

–4

5·10

–3

10

3.2. Polarization studies
In order to have clear ideas on the kinetics of the cathodic and anodic reactions,
potentiodynamic polarization measurements were carried out.
Figure 2 presents the results of the effect of ST1 concentration on the cathodic and
anodic polarization curves of CS in 0.5 M H2SO4, respectively.

Figure 2. Polarization curves for CS in 0.5 M H2SO4 containing different concentrations of ST1.

It could be observed that the anodic and cathodic reactions are affected by the
addition of the molecules inhibitor (ST1). It should be noted that adsorption and the
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formation of a barrier film on the steel surface by ST1 molecules is the strong point of the
latter's inhibitory effect [16].
Electrochemical corrosion kinetic parameters, such as: corrosion potential (Ecorr),
corrosion current density (Icorr), cathodic Tafel slope (bc) are given in Table 2.
Table 2 also included percentage inhibition efficiency, IEIcorr (%), which was
calculated from the following equation [1]:
I
IEIcorr (%)  (1  corr(i) ) 100 ,
(2)
I corr
where Icorr and Icorr(i) are the corrosion current densities for C38 steel electrode in the
uninhibited and inhibited solutions, respectively.
Table 2. Electrochemical parameters and the corresponding corrosion inhibition efficiencies for the
corrosion of CS in 0.5 M H2SO4 containing different concentrations of ST1 at 303 K.
Conc. (M)

Ecorr (mV vs SCE)

bc (mV·dec–1)

Icorr (mA·cm–2)

IE Icorr (%)

Blank

–445

199

5.22

–

10–6

–446

193

4.13

20.88

10–5

–447

222

2.37

54.60

5·10–5

–495

190

1.65

68.39

–493

119

1.40

73.18

–475

76

0.44

91.57

–491

90

0.20

96.17

–4

10

–4

5·10

–3

10

The parallel cathodic Tafel curves in Figure 2 for the lower concentrations, suggest
that the hydrogen evolution reaction is under the activation regime, that is, the reduction
mechanism is not affected by the presence of the inhibitor molecules. But for the higher
concentration the cathodic Tafel slopes were found to vary aver a range of 119–
76 mV/dec. This result indicates presence of the inhibitor affects the kinetics of hydrogen
evolution reaction. Behavior of this type has been observed in our previous work [17] and
by other researchers [18].
Table 2 shows that an increase in inhibitor concentration is resulted in decrease of Icorr
values and increase of inhibition efficiency. Thus, IE(%) increases with inhibitor
concentration, reaching the value 96% at the optimal concentration (10–3 M).
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3.3. Electrochemical impedance spectroscopy
Impedance diagrams obtained for frequencies ranging from 10 kHz to 100 mHz at open
circuit potential for CS in 0.5 M H2SO4 in the presence of various concentrations of ST1
are shown in Figure 2. It is clear that theses diagrams are not perfect semicircles. The
difference has been attributed to frequency dispersion phenomenon [19].
A semicircular impedance diagram design proves that CS corrosion is controlled by a
charge transfer process, so that the presence of ST1 does not alter the dissolution
mechanism of the steel in H2SO4.

Figure 3. Nyquist plots for CS in 0.5 M H2SO4 containing different concentrations of ST1.

The equivalent circuit diagram is suggested as in Figure 4 (Rs: the solution resistance,
Rt: the charge transfer resistance, and Cdl: the double layer capacitance).

Figure 4. Equivalent circuits used to fit the EIS data.

In this case, the percent inhibition efficiency is calculated by charge transfer
resistance, according to the equation:
IER (%)  (1 
t

Rt
),
Rt(i)

(3)

where Rt(i) and Rt are the charge transfer resistance values without and with inhibitor,
respectively.
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Table 3 gives the values of the charge transfer resistance Rt double layer capacitance
Cdl and inhibition efficiency obtained from the impedance spectra.
Table 3. Impedance parameters recorded for CS electrode in 0.5 M H2SO4 solution in the absence and
presence of ST1 at 303 K.
Conc. (M)

Rt (·cm2)

Cdl (µF·cm–2)

EIRt (%)

Blank

2.77

397

–

10–6

3.27

329

15.29

10–5

8.53

204

67.52

5·10–5

12.97

203

78.64

10–4

14.31

162

80.64

5·10–4

16.77

155

83.48

10–3

58.39

72

95.25

As can be seen from this table the increase in resistance in the presence of ST1
(compared to blank solution) is related to the corrosion protection effect of the molecules.
The value of Cdl decreases in the presence of this inhibitor, suggesting that the ST1
molecules function by adsorption at the metal solution/interface [1–4, 16]. The greatest
inhibition was observed at concentration of 10–3M. The impedance study also confirmed
the inhibiting character of ST1 obtained with weight loss measurement and polarization
curves.
To predict the influence of the immersion time on the inhibitory efficiency of the
molecule under investigation, measurements by electrochemical impedance spectroscopy
at different immersion times were performed. The calculated values of Rt and inhibtion
effeciency for CS immerssed in the uninhibited and inhibited H2SO4 0.5 M solution by
optimal concntration are shown in Table 4.
From this table, we can see that the inhibition efficiency of ST1 increased with
immersion time and stabilized after 8 hours. The increase in the inhibition efficiency may
be due to the formation of protective adherent film on the metal surface and suggests that
the coverage of the metal surface with this film decreases the double layer thickness [1].
The gradual replacement of water molecules by the adsorption of the ST1 molecules to the
metal surface has the consequence of the augmentation in the inhibition efficiency [1, 2,
16].
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Table 4. Rt values and inhibition effeciency for CS in 0.5 M H2SO4 containing the optimal concentration
of ST1 at 303K.
Immersion time

Conc. (M)

Rt (Ω·cm2)

IERt (%)

1h

10–3 M
Blank

58.39
2.77

95.25
–

2h

10–3 M
Blank

86.31
2.71

96.86
–

4h

10–3 M
Blank

90.46
2.55

97.18
–

8h

10–3 M
Blank

85.68
2.43

97 .16
–

20 h

10–3 M
Blank

52.24
1.99

96.19
–

24 h

10–3 M
Blank

50.23
1.94

96.14
–

48

10–3 M
Blank

42.58
1.79

95.80
–

56 h

10–3 M
Blank

40.73
1.73

95.75
–

72 h

10–3 M
Blank

36.97
1.63

95.59
–

3.4. Adsorption consideration and XPS Surface analysis
For the understanding of the mechanism of corrosion inhibition the using of adsorption
isotherms are very important. Knowing that there is a direct relationship between the
effectiveness of the inhibition and the surface coverage, θ, of the inhibitor, weight loss
measurements were used to evaluate surface coverage values, which are given by the
Equation 4:
IE
(4)
θ  WL
100
The surface coverage values (θ) were tested graphically to allow fitting of a suitable
adsorption isotherm.
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Figure 5. Langmuir adsorption plot of CS in 0.5 M H2SO4 solution containing different
concentrations of ST1.

The plot of C/θ versus C (Figure 5) yielded straight lines with slopes close to 1. This
result proves that the adsorption of this compound from 0.5 M H2SO4 solution on the CS
obeys the Langmuir adsorption isotherm.
The following equation presents the linear form of the Langmuir isotherm:

C
1

C ,
θ Kads

(5)

with
 G 
1
exp   ads  ,
(6)
55.5
RT


where Kads is the equilibrium constant for the adsorption process, C is the concentration of
the inhibitor and Gads is free energy of adsorption.
Therefore, obtaining high adsorption equilibrium is a logical justification that the
values of inhibition efficiency are high even at low concentrations (67% of inhibition at
10–5 M). The equilibrium constant obtained in this case (adsorption of ST1 on the surface
of the CS) is 2.6·104. Moreover, the value of ΔGads is equal to –35.72 kJ/mol (large
negative value) indicating that the inhibitor molecules are strongly adsorbed on the surface
of the CS.
According to the literature, the ΔGads value calculated in this work indicates that the
mechanism of adsorption of inhibitory molecules on the C38 steel surface involves two
types of interactions: a predominant physisorption and weak chemisorption.
However, and particularly when charged species are adsorbed, it is difficult to
distinguish between chemisorption and physisorption only based on these criteria. It should

K ads 
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be noted that the possibility of Coulombian interactions between adsorbed cations
(protonated form of ST1) and specifically adsorbed anions ( SO24 ) can increase Gibbs’
energy even if no chemical bond appears [16].
We can note that a plausible mechanism of corrosion inhibition of CS in 0.5 M H2SO4
for compound under study may be deduced on the basis of adsorption. In acidic solutions,
these inhibitor can exist as cationic specie which may be adsorbed on the cathodic sites of
the CS and reduce the evolution of hydrogen. Moreover, the adsorption of ST1 compound
on anodic sites through lone pairs of electrons of nitrogen, and sulfuric atoms and through
π -electrons of phenyl group will then reduce the anodic dissolution of CS [6, 16].
In order to elucidate the nature of the organic film formed on the CS and confirm this
assumption (strong adsorption of ST1), X-ray photoelectron spectroscopy (XPS) analyses
are carried out and discussed. For comparison purpose, the XPS spectra were obtained
from the pure ST1, and the steel surface which was treated by 10–3 M of ST1 after 24 h of
immersion in 0.5 M H2SO4. The XPS spectra, shown in Figures 6 and 7, were obtained
both from pure ST1 (C 1s, N 1s and S 2p) and the ST1 treated carbon steel surface (C 1s,
N 1s, S 2p, O 1s and Fe 2p).
The C 1s spectrum for pure ST1 shows peaks between 285–286.5 eV attributed to the
C–C, C=C, C–H bonds for aromatic bonds [20] and C=N, C–N, C–S bonds for thiazole
ring [21].
The N 1s spectrum for pure ST1 can be attributed to the
bonds localized at
400–402 eV. The S 2p core-level of the pure ST1 is best resolved with at least two spinorbit-split doublets (S 2p3/2 and S 2p1/2), with binding energy (BE) for S 2p3/2 peak lying at
about 163–167 eV. This former can be assigned to the thiazole ring and –S–Me.
The I 3d5/2 spectrum for pure ST1 can be attributed to the I– /N+ localized at two
binding energies, 618 and 630 eV.
After acidic immersion, the C 1s spectrum for ST1 treated C38 steel shows three main
peaks (Figure 7a). The first component at 286.4 eV may be assigned to the carbon atoms
bonded to: (i) nitrogen in C=N and C–N bonds in the thiazole ring and (ii) sulfur in C–S
bond; the second component at a BE 285.0 eV is attributed to the the C–C, C=C, C–H
aromatic bonds which the largest contribution; the last component at higher binding energy
(located at approx. 289 eV) may be ascribed to the carbon atom of the C=N+ in the tiazole
ring [16–22].
Figure 7b presents the O 1s spectrum of C38 steel surface, after immersion in 0.5 M
H2SO4 solution containing the inhibitor, which may be fitted into three main peaks. The
first peak (located at approx. 530.2 eV) is attributed to O2−, and in principle could be
related to oxygen atoms bonded to ferric oxides [23]. The second peak (located at approx.
531.8 eV) is the most intense component and is ascribable to OH− of hydrous iron oxides
[23]. The third peak at 533.5 eV may be associated with the presence of oxygen in the
adsorbed water [24].

Int. J. Corros. Scale Inhib., 2019, 8, no. 3, 613–627

a

c

623

b

d

Figure 6. The XPS of a – C 1s, b – N 1s, c – S 2p and d – I 3d for pure ST1.

The N 1s spectrum of protected CS with ST1 in 0.5 M H2SO4, given in Figure 7c,
shows one main peak, located around 398–402 eV. This later can be ascribed to
in the thiazole ring and to the positively charged nitrogen [25]. The spectrum shows the
presence of lower nitrogen content on the steel surface. This indicates that the coordination
between the ring via nitrogen atom and the metal surface atoms is very weak.
The S 2p spectrum of the protected CS surface also shows one main peak, located
around at 160–171 eV (Figure 7d). The spectrum reflects the presence of lower sulfur
content on the CS surface. This peak can be attributed to the –S–Me and to >S structure in
the thiazole ring [26, 27]. Figure 7e presents the Cl 2p XPS spectra of ST1 after adsorption
on CS steel in 0.5 M H2SO4. The spectra observed, shown by the black line, were broad in
the binding energy range of 197 to 203 eV and exhibited the two main peaks at 199 and
202 eV approximately. Cl (2p) with binding energy <199 eV is due to inorganic chlorine
while values of >200 eV characterize organic chlorine (C–Cl) bonds [28, 29].
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Finally, the Fe 2p spectrum (Figure 7f) for C38 steel surface covered with ST1 exhibits
two doublets, 712 eV (Fe 2p3/2) and 725 eV (Fe 2p1/2), with an associated ghost structure on
the high energy side showing the subsequent oxidation of the steel surface [30, 31].

a

b

c

d

e

f

Figure 7. The XPS profiles of a – C 1s, b – O 1s, c – S 2p, d – N 1s, e – Cl 2p and f – Fe 2p3/2
for ST1 treated C38 steel.
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On the basis of the XPS analyses, the results obtained highlight physical interactions
between the ST1 inhibitor and the surface of the CS. In addition, comparison of Fe 2p3/2
XPS results for CS after immersion in a 0.5 M H2SO4 medium containing ST1 with blank
shows that the corrosive solution induces a significant decrease in the amount of Fe 0 in
favor of oxidized species, in particular Fe3+, indicating that the thickness of the oxide layer
is increasing (Fe2O3 and FeOOH) [16].
4. Conclusion
The 4-methyl-2-(methylthio)-3-phenylthiazol-3-ium iodide (ST1) was used to inhibit the
corrosion of CS, and the inhibition efficiency was found to be maximum at 10–3 M
(EI = 99.1%). The maximum surface coverage was found to be maximum at this
concentration and the molecules of ST1 have formed a protect film which prevents the
penetration of acid into the surface of steel. From the polarization curves results, the ST1 is
classed as mixed inhibitor. EIS measurements demonstrated that ST1 exhibited the great
stability and efficient inhibition performance during a relatively long time. The adsorption
followed Langmuir adsorption isotherm, and ST1 can spontaneously adsorb on C38 steel
surfaces in acid solution. X-Ray photoelectron spectroscopy (XPS) results show that the
inhibition of CS corrosion in 0.5 M H2SO4 by ST1 is controlled by a physisorption process
and the inhibitive layer is composed of an iron oxide/hydroxide mixture where ST1
molecules are incorporated.
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