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A B S T R A C T

Inhibitive performance of a new thiazolo-pyrimidine derivative has been investigated on mild steel in a

solution of 1 M H2SO4. Electrochemical measurement, scanning electron microscope analysis and

quantum chemical calculations are the tests and methods used to assess the performance of the

inhibitors. The results indicate that the thiazolo-pyrimidine derivative used acts as a mixed-type

inhibitor retarding the anodic and cathodic corrosion reactions. The studied compounds followed the

Langmuir adsorption isotherm. Thermodynamic parameters showed that inhibitor adsorption is

physical as determined by those parameters. The effect of molecular structure on the inhibition

efficiency was investigated by quantum chemical calculations.

� 2014 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Contents lists available at ScienceDirect

Journal of Industrial and Engineering Chemistry

jou r n al h o mep ag e: w ww .e lsev ier . co m / loc ate / j iec
Introduction

Plain carbon steels have various applications in different
industries; acids are also very commonly used in applications
such as acid pickling, oil well acidifying, industrial acid cleaning
etc. The downside to this collaboration is steels and ferrous alloys
severely corrode in acidic solutions especially in sulfuric and
hydrochloric acids; this imposes heavy maintenance and repair
costs. [1–6]. To help alleviate the costs and lengthen the service
times, corrosion rates must be controlled for which corrosion
inhibition techniques have proved helpful. One of the most
commonly used inhibition methods is use of organic inhibitors.
They impede corrosion reactions through adsorption and forma-
tion of protective films on the metal surface [1–14]. Organic
compounds containing heteroatoms with high electron density
such as phosphorus, nitrogen and oxygen act as adsorption centers
and are efficient corrosion inhibitors. Compounds that contain
nitrogen and phosphorus in their atomic structures exhibit higher
inhibition effectiveness compared with those which entirely lack
or contain only one of the two [4,15–21] .The lone electron pairs in
the heteroatoms are an important feature that determines the
adsorption mechanism of these molecules on a metallic surface
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[17,22]. Thiazolo[4,5-D] pyrimidines are a class of fused hetero-
cycles which have been described as being antiviral, antifungal,
nucleoside analogues, agro-chemicals and enzyme inhibitors
agents [23] but they have never been previously used as corrosion
inhibitors. The feature that makes them proper candidates for
being used as corrosion inhibitors is the presence of heteroatoms
such as nitrogen and sulfur in their molecular structures [4,15–21].
In the present work, inhibitive behavior of four derivatives of
thiazolo-pyrimidine compounds on carbon steels in sulfuric acid
solutions was examined and quantum chemical studies were also
performed.

Materials and methods

Inhibitors

Four thiazolo-pyrimidine derivatives: 2-benzylsulfanyl-5-
chloro-7-methyl-thiazolo[4,5-D]pyrimidine (BCMTP), 5-chloro-2-
ethylsulfanyl-7-thiazolo[4,5-D]pyrimidine (CETP), 2-ethylsulfanyl-
7-methyl-5-morpholin-4-yl-thiazolo[4,5-D]pyrimidine (EMMTP)
and 5-Choloro-7-methyl-3H-thiazolo[4,5-D]pyrimidine-2-thione
(CMTPT) were obtained from chemical laboratory of college of
basic sciences of Ferdowsi University of Mashhad. Fig. 1 shows the
molecular structures of BCMTP, CETP, EMMTP and CMTPT. Titled
compound was synthesized according to the previously published
method [23].
shed by Elsevier B.V. All rights reserved.
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Fig. 1. Molecular structures of inhibitors.
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Solutions

The electrolyte solution used for the corrosion test was 1 M
H2SO4 prepared through dilution of H2SO4 with distilled water.
Four inhibitor concentrations of 25, 50, 75 and 100 ppm by weight
were chosen.

Electrodes

The reference electrode and auxiliary electrode were saturated
calomel electrode (SCE) and a 2 cm2 foil of platinum, respectively.
Working electrode was mild steel with the composition in wt% as
follows: 0.16% C, 0.1% Si, 0.4% Mn, 0.02% S, 0.13% P and Fe balance.

Electrochemical measurements

Potentiodynamic polarization was conducted at a constant
sweep rate of 60 mV/min and scanning range of �250 to
+250 mV around the open circuit potential (OCP). Before each
experiment, the working electrode was immersed for 40 min in the
test cell until corrosion potential reached a steady state condition.
All tests were carried out at constant temperature (within �2 8C)
made possible by using a water bath to control the cell temperature.
Electrochemical impedance spectroscopy (EIS) measurements were
performed in the frequency range of 30 kHz to 10 mHz with the
amplitude of 10 mV peak-to-peak using AC signals at OCP. Linear
polarization resistance (LPR) test was also conducted by specimen
polarization in different inhibitor concentrations ranging from �15 mV
to +15 mV around corrosion potential at 10 mV/min scan rate. The LPR
value was measured by calculating the slope of current-potential plot at
corrosion potential. Electrochemical tests were conducted by means of
ACM Instruments automated potentiostat (Gill AC). The curves are
fitted with EIS spectrum analyzer 0.1 (Levmark method).

Quantum chemical study

The molecular structures of BCMTP, CETP, EMMTP and CMTPT
were geometrically optimized by density functional theory (DFT)
method using B3LYP level and 3-21G** basis set with Gaussian 03.
Quantum chemical parameters such as the highest occupied
molecular orbital (HOMO), the lowest unoccupied molecular
orbital (LUMO), energy gap (DE = EHOMO � ELUMO), and dipole
moment (m) were calculated for the compounds. DFT study of
solvent effects for organic molecules employing a polarizable
continuum model was used to calculate the solvation (hydration)
free energies. The details of this procedure is thoroughly explained
in a paper by Wang et al. [24].

Results and discussion

Effect of inhibitor concentration

Potentiodynamic polarization

Effects of thiazolo-pyrimidine derivatives were investigated in
the concentration range of 25–100 ppm by weight. Fig. 2 shows the
Tafel polarization curves of mild steel in 1 M H2SO4 at 25 8C with
and without BCMTP, CETP, EMMTP and CMTPT inhibitors. Electro-
chemical parameters such as corrosion potential (Ecorr), cathodic and
anodic Tafel slopes (bc and ba) and corrosion current density (icorr)
were measured by a method which was previously reported by
McCafferty [25]. This method is shown in Fig. 3 and the
electrochemical parameters are reported in Table 1. Also, consider-
ing the corrosion current density in the absence (i8corr) and presence
of inhibitor (icorr), values of surface coverage (u) and inhibitor
efficiency (h) were calculated using the following equations [26]:

u ¼ iocorr � icorr

iocorr

(1)

%h ¼ u � 100 (2)

It could be seen that icorr decreases considerably in the presence
of each inhibitor and decreases as the inhibitor concentration
increases. Correspondingly, Ecorr increases as the inhibitor
concentration increases. A significant change in the Tafel slope
was observed in all concentrations. The observed skew in corrosion
potentials toward more positive values hints that there is less



Fig. 2. Potentiodynamic polarization of (a) CMTPT, (b) EMMTP, (c)BCMTP and (d) CETP in various concentrations at 25 8C.
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thermodynamic propensity to corrosion compared with the
uninhibited solution. In all inhibitor concentrations, icorr is
decreased in the order of CETP > BCMTP > EMMTP > CMTPT.

Electrochemical impedance spectroscopy

Results of the EIS measurements of 1 M H2SO4 in the presence of
BCMTP, CETP, EMMTP and CMTPT at 25 8C is depicted using
Nyquist plots (Fig. 4). According to the equivalent circuit shown in
Fig. 5 the solution resistance (Rs), charge transfer resistance (Rct)
and constant phase element (CPE) parameters were extracted and
listed in Table 2. The Rct values increase as inhibitor concentration
Fig. 3. Extrapolation method applied for measuring Tafel slopes, corrosion potential

and corrosion current density.
increases. This indicates the formation of an insulated adsorption
layer [20]. Inhibitor efficiency can also be estimated by charge
transfer resistance according to the following equation [27]:

%h ¼ R � Ro

R
� 100 (3)

where R8 and R are charge transfer resistances of mild steel in the
absence and presence of the inhibitor, respectively (Table 2). These
results again confirm that all thiazolo-pyrimidine derivatives
exhibit good inhibitive performance in H2SO4 solutions. Inhibition
efficiencies obtained from potentiodynamic polarization curves
and EIS tests are in reasonable agreement.

In order to have an accurate study of impedance behavior of the
electric double layer, CPE was used as the alternative to capacitor.
The impedance of the CPE is presented as [27]:

ZCPE ¼
1

P ivð Þn
(4)

where P is the magnitude of the CPE, and n is the deviation
parameter. For a circuit including a CPE, the double layer
capacitance (Cdl) can be calculated from CPE parameter values:
P and n, using the expression [28]:

Cdl ¼ P1=nR 1�nð Þ=n
ct (5)

In the Helmholtz model of the surface adsorbed film capaci-
tance, Cdl is directly proportional to the local dielectric constant (e)
[27]:

Cdl ¼
e0e
d

S (6)



Table 1
Electrochemical parameters obtained from the polarization curves of inhibitors at 25 8C.

Inhibitor Concentration (ppm) Ecorr (mV vs. SCE) icorr (mA/cm2) ba (mV/decade) bc (mV/decade) u h (%)

BCMTP Blank �503 15 428 �408 – –

25 �509 1.30 145 �208 0.91 91

50 �497 0.24 91 �147 0.98 98

75 �510 0.21 97 �140 0.98 98

100 �512 0.11 92 �129 0.99 99

CETP 25 �495 0.53 51 �185 0.96 96

50 �492 0.27 49 �144 0.98 98

75 �484 0.09 45 �136 0.99 99

100 �482 0.08 45 �135 0.99 99

EMMTP 25 �485 6.78 310 �260 0.56 56

50 �480 1.03 63 �219 0.93 93

75 �480 0.42 58 �172 0.97 97

100 �478 0.28 60 �154 0.98 98

CMTPT 25 �492 6.95 327 �319 0.53 53

50 �495 2.75 135 �322 0.81 81

75 �502 0.65 96 �183 0.95 95

100 �505 0.39 83 �138 0.97 97
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where d is the thickness of the film, S is the surface area of the
electrode, e0 is the permittivity of the air, and e is the local dielectric
constant. A decrease in Cdl was recorded as the inhibitor
concentration was raised to 100 ppm by weight which is due to
the steady replacement of water molecules with the adsorptive
Fig. 4. Nyquist plot of (a) BCMTP, (b) CETP, (c) EMMTP 
inhibitor molecules at metal/solution interface. This constant
deposition of inhibitor molecules results in formation of a
protective film on the steel surface which then leads to a decrease
in the e value. The decrease in Cdl which must have been a result of
a decrease in local dielectric constant-compared with that of the
and (d) CMTPT in different concentrations at 25 8C.



Fig. 5. Equivalent circuit for inhibited and uninhibited mild steel in 1 M H2SO4.
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blank solution (without inhibitor) suggests that the water
molecules and ions were replaced with inhibitor molecules at
the metal/solution interface [15,29].

Linear polarization resistance (LPR)

Another useful and fast technique employed in inhibitor studies
is the LPR method. Table 2 shows the linear polarization resistance
and the resulted efficiency calculated according to Eq. (3) for
inhibitors in different inhibitor concentrations at 25 8C. It shows
that increasing the inhibitor concentration causes an increase in
the LPR value. Based on Eq. (7), an increase in the LPR value
(denoted by Rp) decreases corrosion current density.

icorr ¼
babc

2:3RP bc � bað Þ (7)

Regarding Eq. (7), the values of icorr for inhibited solutions are
lower than those of uninhibited solutions. The values of efficiency
of inhibitors in all concentrations show that by increasing the
inhibitor concentration, efficiency increases. These values are close
to those calculated by polarization and EIS methods. The difference
between obtained efficiencies from the LPR and EIS results can be
attributed to the fact that in EIS results, the effect of solution
resistance (Rs) is not taken into account. In contrast, results of the LPR
method contain this parameter as well as charge transfer resistance.

Effect of temperature

The influence of various temperatures on the specimen
corrosion rate has been studied in the absence and presence of
different inhibitors at 100 ppm by weight in 1 M H2SO4. For this
purpose, potentiodynamic polarization has been performed at
temperatures ranging from 25 to 55 8C in the absence and presence
of BCMTP, CETP, EMMTP and CMTPT (Fig. 6). Also electrochemical
parameters corresponding to polarization results at various
Table 2
Impedance parameters data and LPR results for mild steel in 1 M H2SO4 with and with

Type Concentration (ppm) EIS 

Rs (V cm2) Rct (V cm2) CPEdl

P (mF/cm2) 

BCMTP Blank 3.3 1.7 2524 

25 3.3 31 700 

50 3.2 80 300 

75 3.2 104 190 

100 3.3 155 130 

CETP 25 3.3 44 250 

50 3.2 155 130 

75 3.2 202 110 

100 4 232 90 

EMMTP 25 3.5 14 500 

50 3.9 45 170 

75 3.7 61 150 

100 3 78 130 

CMTPT 25 3.5 11 1900 

50 4 17 1400 

75 3.4 40 800 

100 3.5 58 500 
temperatures have been extracted and reported in Table 3. It is
important to explain the complicated effect of temperature on
inhibitor behavior with various changes present: rapid etching,
desorption of inhibitor and even inhibitor decomposition on the
metal surface to name a few [30]. Although Fig. 6 clearly shows
increased corrosion rates as temperature increases, the corrosion
rate of inhibited solutions still remains lower than that of the blank
one. Having measured the corrosion current density (icorr) at
different temperatures, the activation energy (Ea) for corrosion
process can now be obtained using the Arrhenius equation:

ln icorrð Þ ¼ ln A � Ea

RT
(8)

By calculating the slope of ln(icorr) vs. 1/T plot (Fig. 7), Ea which
is an indication of adsorption mechanism, will be obtained. Ea

values related to mild steel in 1 M H2SO4 solution in the absence
and presence of the inhibitors have been listed in Table 4. It has
been reported that the higher Ea measured in the presence of
inhibitors, compared with that of the blank solution, is typically an
indication of physisorption [31]. Considering Ea values, thiazolo-
pyrimidine derivatives have electrostatic interactions at the metal
surface (physisorption). Therefore, while these derivatives of
thiazolo-pyrimidine demonstrate good inhibition efficiency at room
temperature, at higher temperatures – due to physisorption – their
inhibition efficiency values drop drastically.

Adsorption isotherm

Adsorption isotherm can provide invaluable information about
interactions between adsorbed inhibitor molecules and the metal
surface [32,33]. Based on the types of interactions, the adsorption
of organic compounds is divided into two main groups: physical
adsorption and chemical adsorption. There are some factors that
influence the adsorption process including the nature and charge
of metal, chemical of the inhibitor, and the type of electrolyte [34].
Adsorption of organic molecules at the metal\solution interface
can be explained by substitution adsorption process between the
organic molecules in aqueous solution and water molecules on
metal surface [20].

Org solð Þ þ xH2O adsð Þ Ð Org adsð Þ þ xH2O solð Þ (9)

where Org(sol) and Org(ads) are inhibitor molecules dissolved in
solution and adsorbed on metal surface, respectively. H2O(ads) is
out different concentrations of inhibitors at 25 8C.

LPR

Cdl (mF/cm2) u h (%) Rp (V cm2) u h (%)

n

0.84 872 – – 5 – –

0.80 268 0.95 95 37 0.90 90

0.80 118 0.98 98 84 0.96 96

0.80 71 0.98 98 110 0.97 97

0.81 52 0.99 99 161 0.98 98

0.83 99 0.97 96 50 0.93 93

0.82 55 0.99 99 153 0.98 98

0.84 53 0.99 99. 197 0.98 98

0.84 43 0.99 99 270 0.99 99

0.87 238 0.89 89 21 0.83 83

0.87 82 0.97 97 52 0.93 93

0.87 74 0.97 97 67 0.95 95

0.86 61 0.98 98 80 0.96 96

0.83 852 0.85 85 14 0.75 75

0.86 761 0.91 91 22 0.84 84

0.86 456 0.96 96 40 0.91 91

0.86 347 0.97 97 57 0.93 93



Fig. 6. Polarization curve of inhibitors with 100 ppm by weight inhibitors at different temperatures.

Table 3
Electrochemical parameters obtained from the polarization curves at different temperatures.

T (8C) Blank BCMTP CETP EMMTP CMTPT

Ecorr

(mV)

icorr

(mA/cm2)

Ecorr

(mV)

icorr

(mA/cm2)

h (%) Ecorr

(mV)

icorr

(mA/cm2)

h (%) Ecorr

(mV)

icorr

(mA/cm2)

h (%) Ecorr

(mV)

icorr

(mA/cm2)

h (%)

25 �503 15 �497 0.11 99 �482 0.08 99 �478 0.28 98 �505 0.39 97

35 �505 29 �502 0.17 99 �481 0.25 99 �483 1.80 93 �504 6.13 78

45 �511 33 �502 0.77 97 �491 2.35 92 �486 12.72 61 �505 13.78 58

55 �511 40 �507 15.33 61 �498 19.34 51 �494 21.56 46 �506 21.09 47

Fig. 7. ln(icorr) vs. 1/T for mild steel dissolution in 1 M H2SO4 in the absence and

presence of 100 ppm by weight of inhibitors.
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the water molecule on metal surface, H2O(sol) is the water molecule
in solution and x is the size ratio which represents the number of
molecules of water replaced by inhibitor molecules. For inhibitor
studies, it is found that the data from electrochemical tests is in
accordance with Langmuir model. According to this model, the
surface coverage (u) is proportional to inhibitor concentration (C)
[11,17,22,33,35–41]:

u
1 � u

¼ Kads � C (10)

Rearranging Eq. (10) gives:

C

u
¼ 1

Kads
þ C (11)

where Kads is the equilibrium constant for adsorption reaction. This
is a general model and has been used for inhibitor studies
[7,9,20,31]. Fig. 8 shows C/u versus C. The high values of coefficients
of determination show that adsorption of these inhibitors on mild
steel follow this isotherm and consequently the adsorbed



Fig. 8. Langmuir adsorption isotherm of inhibitors in 1 M H2SO4 at 25 8C.
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molecules form a monolayer [32]. According to Eq. (11), Kads can be
calculated from intercept of the line on C/u axis and then using the
following equation, DG8ads can eventually be calculated:
[32,42,43]:

DGo
ads ¼ �RT ln 55:5Kadsð Þ (12)

where R (J/(mol K)) is the universal gas constant, T (K) is the
absolute temperature of experiment and the constant value of 55.5
is the concentration of water in solution in mol/dm3 [34]. Using the
Eq. (12) values of DG8ads were calculated and are reported in
Table 4. The negative sign of DG8ads indicates that the inhibitor is
adsorbed on to the metal surface [7,17,32,42,43]. Normally, values
of DG8ads which are �20 kJ/mol or less negative are considered an
indication of electrostatic interactions taking place between
inhibitor and the charged metal surface (i.e. physisorption). Those
around �40 kJ/mol or more negative, signal sharing or transferring
of charge from organic species to the metal surface to form a
coordinate type of metal bond (i.e. chemisorption) [9,33,38,42].
Some authors have stated that the values of DG8ads less negative
than �40 kJ/mol should be interpreted as a sign of physical
adsorption [31,32]. According to the obtained values for DG8ads, it
is suggested that the interaction between the inhibitor molecules
and the metal surface is physical which has good correlation with
the effect of temperature and Ea value.

Gibbs-Helmholtz equation can be used to calculate the heat of
adsorption process (DH8ads). With good estimation, DCp reaction
can be considered constant, thus DH8 of reaction and Gibbs–
Helmholtz equation will appear as follow [17]:

DHo ¼ DC pT þ A (13)

lnðKÞ ¼ DcP

R
ln T � A

RT
þ B (14)

where A and B are equation constants and K is the equilibrium
constant of reaction. Using Eqs. (10, 12 and 14), the surface
Table 4
Thermodynamic parameters for adsorption of inhibitors on mild steel surface in 1 M

H2SO4 solutions.

Inhibitor Ea (kJ/mol) DG8ads (kJ/mol) DH8ads (kJ/mol) DS8ads (kJ/mol)

Blank 25.2 – – –

BCMTP 131.0 �21.9 �113.3 �0.30

CETP 151.2 �23.4 �135.9 �0.37

EMMTP 122.4 �16.5 �113.2 �0.32

CMTPT 105.0 �15.1 �94.7 �0.26
coverage can be related to temperature in the following way:

ln
u

1 � u

� �
¼DC p

R
ln T � A

RT
þ B0 (15)

in which u is the surface coverage and B’ is the equation constant.
Replacing u with different values of surface coverage in the
presence of 100 ppm by weight inhibitor at various temperatures
in Eq. (15), gives the A constant and DCp. Afterwards, using Eq. (13)
and calculated values of DCp and A, DH8ads is obtained. The method
used here was previously reported by Kosari et al. [17]. As the next
step, the entropy of adsorption process (DS8ads) was calculated
using the following basic thermodynamic equation [32,33,38]:

DGo
ads ¼ DHo

ads � T DSo
ads (16)

DG8ads, DH8ads and DS8ads values are given in Table 4. Valuable
information about the mechanism of corrosion inhibition can
be obtained from the values of thermodynamic parameters of the
inhibitor adsorption process. An endothermic adsorption process
(DH8ads > 0) is an indication of chemisorption while an exothermic
adsorption process (DH8ads < 0) may be attributed to physisorp-
tion, chemisorption or a mixture of both [28,40]. The negative sign
of DS8ads indicates a decrease in the solvent entropy (more negative
desorption entropy of water) and arises from the substitutional
process [44,45]. The negative value of DS8ads can be a thermody-
namic reason as to why these inhibitors are not suitable for
temperatures higher than room temperature.

Quantum chemical study

To investigate the correlation between molecular structure of
inhibitors and their inhibition effect, quantum chemical study has
been performed. Fig. 9 shows optimized molecular structures,
HOMO and LUMO of inhibitors. It shows that the thiazole-
pyrimidine and morpholine ring, S and N-heterocyclic atoms can
be suitable places for adsorption onto surface, especially in the case
of S and N-heterocyclic atoms because of their lone pair of
electrons. Molecules of present inhibitors can be directly adsorbed
at the steel surface on the basis of donor acceptor interactions
between p-electrons of atoms of inhibitor molecules and vacant d-
orbitals of iron atoms. Therefore, the difference in tested inhibitors
efficiencies stems from their various molecular structures.
Quantum chemical indices containing EHOMO, ELUMO, DE, and
dipole moment (m) are listed in Table 5. It has been reported that
good inhibition corrosion properties are usually obtained using
organic compounds that not only offer electrons to unoccupied
orbitals of the metal but also accept free electrons from the metal
by using their anti-bond orbitals to form stable chelates. It is
understandable that inhibitors could also accept the d-orbital
electrons of iron by LUMO on thiazole-pyrimidine rings, N-hetro-
cyclic and sulphur atoms. Consequently, this electron acceptance
could help form more stable bonds between inhibitor molecules
and iron surface.

Results show that there is a weak correlation between
electronic structure parameters and inhibition efficiency. The
expectation was that amongst the derivatives of a given
compound, the molecule with the highest (most positive) EHOMO

and the lowest ELUMO would provide the best inhibitive conditions
[46] but the results testify to the contrary. Some researchers have
shown that there is a high correspondence between inhibition
efficiency and electronic structure parameters [46–49]. Others
argue that electronic structure parameters cannot be solely used to
evaluate inhibition efficiencies, not even within the derivatives of
the same organic compound [50–53]. They believe adsorption of
inhibitors on a surface is a complicated process and cannot be a
function of one parameter (electronic structure) only and there are



Fig. 9. Optimized molecular structure and HOMO of (a) BCMTP, (b) CETP, (c) EMMTP and (d) CMTPT.

Fig. 10. Correlation between the experimental inhibition efficiency and the

calculated inhibition efficiency.
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several competing effects such as interactions between molecule–
water, molecule–metal, metal–water and water–water which
must be taken into accounts [54].

A non-linear equation was used to correlate all quantum
chemical parameters (EHOMO, ELUMO, m) and inhibitor concentra-
tion (C) with the experimental inhibition efficiencies. This non-
linear model has been previously proposed [54] and has been
accepted for studying different kinds of inhibitors [55–57]. The
following proposed relation between inhibition efficiency, and
quantum chemical index was used:

h ¼ Axi þ Bð ÞC
1 þ Axi þ Bð ÞC � 100 (17)

where A and B are the regression coefficients to be determined by
regression analysis, xi is the quantum chemical index characteristic
of molecule i and C denotes the concentration of the inhibitor. In
this case, xi is constructed as a composite index of quantum
chemical parameters (EHOMO, ELUMO and m). Using the least squares
method for non-linear equations, the following equation is
obtained from Eq. (17) for inhibitors:

h ¼ 0:0263EHOMO þ 0:0949ELUMO þ 0:1658m þ 0:1440

1 þ 0:0263EHOMO þ 0:0949ELUMO þ 0:1658m þ 0:1440ð Þ
� 100 (18)

Fig. 10 presents the plot of the experimental and calculated
inhibition efficiency of inhibitors. Moreover, the results from the
non-linear model and those obtained from laboratory tests have a
weak correlation too. While the value of inhibition efficiency
obtained theoretically is almost 90%, laboratory results show an
inhibition efficiency of only 50%. Considering the fact that the
results obtained using the non-linear equation are a function of
concentration and electronic structure parameters, it could be
concluded that the observed error is an outcome of the
ineffectiveness of electronic structure results when used solely.
On the same note, Kovacevic et al. have stated that in order for an
Table 5
Quantum chemical value of inhibitors’ derivatives calculated by DFT method.

Type BCMTP CETP EMMTP CMTPT

EHOMO (eV) �5.56 �6.82 �4.79 �6.74

ELUMO (eV) �1.45 �2.08 �1.64 �2.41

Dipole moment (D) 4.77 4.58 1.35 2.00

DE (eV) �4.11 �4.74 �3.15 �4.33
organic inhibitor to adsorb on a surface, the molecule must first be
released from the shell of the solvent that is surrounding the
molecule and then adsorb on the surface [58]. Hence, any inhibitor
with a higher (more positive) solvation (hydration) free energy is
expected to have higher inhibition efficiencies. This claim was put
to test and subsequently proved legitimate by comparing the
values of solvation free energy obtained from computer calcula-
tions with the experimental inhibition results for imidazole and
benzimidazole based compounds [58]. Calculated values of
solvation free energy of thiazolo-pyrimidine derivatives are listed
in Table 6. The results show that solvation free energy (DGsolv) has
a close correlation with inhibition efficiency as seen the inhibitors
with higher (more positive) solvation free energies have higher
inhibition efficiency. In conclusion, to calculate the inhibition
efficiency of thiazolo-pyrimidine derivatives, in addition to
Table 6
Solvation free energy (DGsolv) calculated by polarizable continuum model.

Type BCMTP CETP EMMTP CMTPT

DGsolv (eV) �0.14 �0.05 �0.24 �0.28



Fig. 11. SEM image of mild steel in 1 M H2SO4 in the absence (a) and presence of EMMTP (b), CETP(c) and BCMTP (d).
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electronic structure parameters, the values of solvation free energy
are also of the essence.

Scanning electron microscopy studies

The scanning electron microscope (SEM) images of mild steel in
1 M H2SO4 solution in the absence and presence of 100 ppm by
weight CETP, BCMTP and EMMTP after 1 h exposure are given in
Fig. 11. The mild steel surface was strongly damaged in the absence
of inhibitors due to metal dissolution in corrosive solution
(Fig. 11a); the surface is highly rough and big cavities are present.
In contrast, the appearance of steel surfaces is significantly
different after the addition of inhibitors to the corrosive solution.
Fig. 11b–d shows that in the presence of inhibitors, the surface of
the steel is much smoother and no holes are present while anodic
dissolution of grain boundaries is still apparent. Moreover, in
comparison of different derivatives, Fig. 11c shows a smoother
surface and almost no dissolution of grain boundaries.

Conclusion

(1) All compounds have high inhibitive effect at room temperature
on mild steel in 1 M H2SO4 acid solution and the efficiency of
inhibitor increases as concentration increases.

(2) Adsorption of studied inhibitors follows Langmuir rule and
thermodynamic data extracted from this rule shows physical
adsorption.

(3) Effect of temperature on behavior of the inhibitors shows
noticeable decrease in efficiency that confirms physical
adsorption of inhibitors.
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(4) Quantum chemical study results show that there is a weak
correlation between molecular electrostatic structure param-
eters and inhibition efficiency. Also, the theoretically obtained
results using the non-linear equation are not in good
correspondence with the experimental results. The reason
was found to be the solvation free energies of the inhibitors.

(5) SEM micrographs show anodic dissolution of grain boundary in
mild steel even in the presence of inhibitors, whereas complete
deterioration of surface is evident for samples in blank solution.
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Arellanes-Lozada, F. Jiménez-Cruz, Corros. Sci. 61 (2012) 171.
[4] Mayuri N. Katariya, Arun K. Jana, Parimal A. Parikh, J. Ind. Eng. Chem. 19 (2013)

286.
[5] El-Sayed M. Sherif, J. Ind. Eng. Chem. 19 (2013) 1884.
[6] K.F. Khaled, Corros. Sci. 52 (2010) 2905.
[7] H. Amar, A. Tounsi, A. Makayssi, A. Derja, J. Benzakour, A. Outzourhit, Corros. Sci.

49 (2007) 2936.
[8] O. Benali, L. Larabi, Y. Harek, J. Appl. Electrochem. 39 (2009) 769.
[9] O. Benali, L. Larabi, M. Traisnel, L. Gengembre, Y. Harek, Appl. Surf. Sci. 253 (2007)

6130.
[10] F. Bentiss, M. Lagrenée, M. Traisnel, Corrosion 56 (2000) 733.
[11] F. Bentiss, M. Lagrenee, M. Traisnel, J.C. Hornez, Corro. Sci. 41 (1999) 789.
[12] J. Cruz, R. Martı́nez, J. Genesca, E. Garcı́a-Ochoa, J. Electroanal. Chem. 566 (2004)

111.
[13] M.A. Khalifa, M. El-Batouti, F. Mahgoub, A. Bakr Aknish, Mater. Corros. 54 (2003)

251.
[14] M.A. Migahed, M. Abd-El-Raouf, A.M. Al-Sabagh, H.M. Abd-El-Bary, Electrochim.

Acta 50 (2005) 4683.
[15] Sh. Mohajernia, S. Hejazi, M.H. Moayed, M. Rahimizadeh, A. Eslami, M. Momeni, A.

Shiri, J. Iran. Chem. Soc. 10 (2013) 831.
[16] F. Bentiss, M. Traisnel, M. Lagrenee, Corros. Sci. 42 (2000) 127.
[17] A. Kosari, M. Momeni, R. Parvizi, M. Zakeri, M.H. Moayed, A. Davoodi, H. Eshghi,

Corros. Sci. 53 (2011) 3058.
[18] L.J. Berchmans, V. Sivan, S.V.K. Iyer, Mater. Chem. Phys. 98 (2006) 395.
[19] S. Sankarapapavinasam, F. Pushpanaden, M.F. Ahmed, Corros. Sci. 32 (1991) 193.
[20] E. Naderi, A.H. Jafari, M. Ehteshamzadeh, M.G. Hosseini, Mater. Chem. Phys. 115

(2009) 852.
[21] A.Y. Musa, A.A.H. Kadhum, A.B. Mohamad, M.S. Takriff, A.R. Daud, S.K. Kamarudin,
Corros. Sci. 52 (2010) 526.

[22] F. Bentiss, B. Mernari, M. Traisnel, H. Vezin, M. Lagrenée, Corros. Sci. 53 (2011)
487.

[23] M. Rahimizadeh, M. Bakavoli, A. Shiri, P. Pordeli, Heterocycl. Commun. 17 (2011)
43.

[24] Y. Wang, X. Cheng, X. Yang, J. Solut. Chem. 35 (2006) 869.
[25] E. McCafferty, Corros. Sci. 47 (2005) 3202.
[26] T.H. Muster, H. Sullivan, D. Lau, D.L.J. Alexander, N. Sherman, S.J. Garcia, T.G.

Harvey, T.A. Markley, A.E. Hughes, P.A. Corrigan, A.M. Glenn, P.A. White, S.G.
Hardin, J. Mardel, J.M.C. Mol, Electrochim. Acta 67 (2012) 95.

[27] Z. Tao, S. Zhang, W. Li, B. Hou, Corros. Sci. 51 (2009) 2588.
[28] B. Hirschorn, M.E. Orazem, B. Tribollet, V. Vivier, I. Frateur, M. Musiani, Electro-

chim. Acta 55 (2010) 6218.
[29] M. Lagrenée, B. Mernari, M. Bouanis, M. Traisnel, F. Bentiss, Corros. Sci. 44 (2002)

573.
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[55] M. Lebrini, M. Lagrenée, H. Vezin, M. Traisnel, F. Bentiss, Corros. Sci. 49 (2007)

2254.
[56] H. Ashassi-Sorkhabi, B. Shaabani, D. Seifzadeh, Electrochim. Acta 50 (2005)

3446.
[57] S. Zhang, Z. Tao, W. Li, B. Hou, Appl. Surf. Sci. 255 (2009) 6757.
[58] N. Kovacevic, A. Kokalj, Corrros. Sci. 53 (2011) 909.

http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0005
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0010
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0015
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0015
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0020
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0020
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0025
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0030
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0035
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0035
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0040
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0045
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0045
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0050
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0055
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0060
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0060
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0065
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0065
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0070
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0070
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0075
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0075
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0080
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0085
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0085
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0090
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0095
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0100
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0100
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0105
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0105
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0110
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0110
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0115
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0115
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0120
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0125
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0130
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0130
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0130
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0135
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0140
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0140
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0145
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0145
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0150
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0155
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0155
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0155
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0160
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0165
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0170
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0175
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0175
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0180
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0185
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0190
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0195
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0195
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0200
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0205
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0210
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0210
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0215
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0220
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0225
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0225
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0230
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0235
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0240
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0245
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0250
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0255
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0255
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0260
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0260
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0265
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0270
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0275
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0275
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0280
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0280
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0285
http://refhub.elsevier.com/S1226-086X(14)00509-7/sbref0290

	Electrochemical and quantum chemical study of Thiazolo-pyrimidine derivatives as corrosion inhibitors on mild steel in 1M ...
	Introduction
	Materials and methods
	Inhibitors
	Solutions
	Electrodes
	Electrochemical measurements
	Quantum chemical study

	Results and discussion
	Effect of inhibitor concentration
	Potentiodynamic polarization
	Electrochemical impedance spectroscopy
	Linear polarization resistance (LPR)

	Effect of temperature
	Adsorption isotherm
	Quantum chemical study
	Scanning electron microscopy studies

	Conclusion
	Acknowledgment
	References


