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Abstract

The influence of thiophene and five of its substituted derivatives on the corrosion inhibition of steel in 0.5 M H2SO4

solution was studied using weight-loss, electrochemical polarisation, and impedance measurements. 5-tert-but-
oxythiophene-2-carbaldehyde phenylhydrazone (TBCP) is the best inhibitor and its inhibition efficiency increases
with increase in concentration to attain 87% at 5�10)3

M. Potentiodynamic polarisation studies clearly reveal that
it acts essentially as a cathodic inhibitor. The partial p-charge on atoms has been calculated. A correlation between
the highest occupied molecular orbital EHOMO and inhibition efficiencies was sought. The inhibition efficiency of
TBCP is not affected by rise in temperature in the range 298–353 K. E% values obtained from weight-loss and
electrochemical methods were in good agreement. Adsorption of TBCP on steel has an S-shaped adsorption
isotherm.

1. Introduction

Sulphuric and hydrochloric are the most commonly
used acids in pickling baths at high temperatures up to
60 �C. To remove unwanted scale such as rust or mill
scale formed during manufacture, carbon steel is
immersed in an acid solution. During pickling, corro-
sion inhibitors are added to the solution in order to
reduce the degree of metal attack and rate of acid
consumption [1–5]. The role of inhibitors is to form a
barrier of one or several molecular layers against acid
attack. This protective action is often associated with
chemical and/or physical adsorption involving a vari-
ation in the charge of the adsorbed substance and
transfer of charge from one phase to the other. Most of
the efficient acid inhibitors are organic compounds
containing mainly nitrogen, sulphur or oxygen atoms
in their structure. The inhibition efficiency should
follow the sequence O<N<S<P [6–8]. Sulphur and/
or nitrogen containing heterocyclic compounds with
various substituents are considered to be effective
corrosion inhibitors. Thiophene, hydrazine derivatives
offer special affinity to inhibit corrosion of metals in
acid solutions [9–19].
In continuation of our work on development of new

organic compounds as acid inhibitors and the encour-
aging results obtained by thiophene derivatives
[20–22], two organic inhibitors namely 5-tert-butoxy-
thiophene-2-carbaldehyde phenylhydrazone (TBCP)
and 5-tert-butoxythiophene-2-carboxylic acid (TBCA)

have been synthesised and tested as inhibitors of steel
corrosion in 0.5 M H2SO4. Their effects were com-
pared to thiophene (T) and other commercial substi-
tuted thiophenes. The objective of this work is to
study the effect of these thiophene compounds on steel
corrosion by using gravimetric and electrochemical
polarisation methods. The relation between efficiency
and molecular structure is explained using the PETRA
program which permits the calculation of the partial
p-charge on atoms and quantum chemical indices. The
effect of temperature is also evaluated between 298
and 353 K.

2. Experimental details

2.1. Inhibitors

Thiophene compounds (T, TM, MTC and ETC) were
commercial products. TBCA and TBCP were synthes-
ised, purified and characterised by NMR, IR spectros-
copy and element analysis before use. The molecular
structures of the thiophenes studied are shown in
Figure 1.

2.2. Gravimetric and polarisation measurements

Prior to all measurements, the steel samples (0.09%P;
0.38%Si; 0.01%Al; 0.05%Mn; 0.21%C; 0.05%S and the
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remainder iron) were polished with emery paper up to
1200 grade, washed thoroughly with bidistilled water
degreased and dried with acetone.
The acid solution (0.5 M H2SO4) was prepared by

dilution of Analytical Grade 98% H2SO4 with double
distilled water. All tests were conducted at different
temperatures in magnetically stirred solutions.
Gravimetric measurements were carried out in a

double walled glass cell equipped with a thermostated
cooling condenser. The solution volume was 100 cm3.
The steel specimens used had a rectangular form
(2 cm�2 cm�0.05 cm). These sheets were abraded suc-
cessively with fine emery paper and then rinsed with
distilled water, degreased and dried before being
weighed and immersed in the corrosive medium. The
immersion time for the weight loss is 6 h at 298 K.
The PETRA program was used to calculate the effect

of each substituent on resonance structure and the
heteroatoms charge delocalisation process [23].
Electrochemical measurements were carried out in a

conventional three-electrode electrolysis cylindrical
Pyrex glass cell. The working electrode had the form
of a disc cut form steel sheet. The exposed area to the
corrosive solution was 1 cm2. A saturated calomel
electrode (SCE) and a platinum electrode were used,
respectively as reference and auxiliary electrodes. Run-
ning on an IBM compatible personal computer, the 352
Soft CorrTM III Software communicated with EG&G
Instruments potentiostat–galvanostat model 263A at a
scan rate of 20 mV min)1. Before recording the
cathodic polarisation curves, the steel electrode was
polarised at )800 mV for 10 min. For anodic curves, the
potential of the electrode was swept from its corrosion
potential after 30 min at the free corrosion potential, to
more positive values. The test solution was de-aerated
with pure nitrogen. Gas bubbling was maintained
throughout the experiments. Near Ecorr a scan through
a potential range performs polarisation resistance mea-
surements. All potentials are given on the SCE scale.
The cell was thermostated at 298±0.5 K.

The inhibition efficiency Ew was determined from
weight loss data by the following relation:

Ew% ¼ 1� Wcorr

W 0
corr

� �
� 100

where Wcorr and W0
corr are the corrosion rates of steel

with and without TBCP, respectively. For electrochem-
ical measurements, the inhibition efficiency is calculated
as follows:

EI% ¼ 1� Icorr
I 0corr

� �
� 100

where Icorr and I0corr are the corrosion current density
values with and without inhibitor, respectively, deter-
mined by extrapolation of cathodic Tafel lines to the
corrosion potential.

3. Results and discussion

3.1. Comparative study

The effect of addition of tested thiophene compounds at
10)3

M on the corrosion of steel in 0.5 M H2SO4 was
studied by weight-loss at 298 K after 6 h of immersion.
Table 1 collects the corresponding values of corrosion
rates and inhibition efficiency.

Table 1. Steel weight loss data and corresponding inhibition effi-

ciency of thiophenes at 298 K

Compound W/mg cm)2 h)1 Ew/%

0.5 M H2SO4 1.608 –

10)3
M T 1.126 30

10)3
M TM 1.415 12

10)3
M MTC 2.042 )27

10)3
M ETC 1.785 )11

10)3
M TBCA 1.013 37

10)3
M TBCP 0.273 83
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Fig. 1. Thiophene compounds studied.
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The variation in inhibitive or catalytic effect mainly
depends on the type and nature of the substituents
present in the inhibitor molecule. T, TM, TBCA have a
weak inhibitory effect and MTC and ETC have a
catalytic action on the corrosion process. A high
inhibiting effect (83%) is obtained with TBCP.
It seems that the compounds MTC and ETC exist in

their acid form in 0.5 M H2SO4. Their catalytic effect is
inversed when the ter-butoxy group replaces hydrogen
hence the efficiency passes from negative to positive
values (37%). The higher inhibitory action of TBCP
when compared to TBCA may also be explained by the
replacement of a carboxylic acid group by a phenyl
hydrazinyl group.
To get more information, partial atomic charges in the

p-thiophene systems were calculated by generating all
valence bond (resonance) structures for this system and
then weighting them on the basis of p-orbital electroneg-
ativities and formal considerations (PEPE = Partial
Equalisation of p-electronegativity) [23].
The charge is moved along the thiophene p-system to

the atoms of the resonance structures thereby changing
their electronegativity. Therefore, the process of weight-
ing the structures and shifting electron density has to be
repeated in several cycles with decreasing amounts of
charge being shifted. So the p-charges calculated by the
PEPE method for various inhibitors containing N, S
and O atoms were correlated with inhibition values as
shown in Table 2.
T and TM compounds show similar p-charge for the S

atom (0.00 e). However the non-substituted thiophene T
is more effective than the 2-hydroxymethyl thiophene
TM. This behaviour may be attributed to the S...H–O
spatial interaction.
The substitution of hydrogen by the carboxylic group

(CO2R, R = Me or Et) did not improve the degree of
inhibition because of the positive charge of the S atom at
the 1-position of ETC and MTC which was 0.0173 and
0.0285 e, respectively and O(2) atoms at the carboxylic
group at the 2 or 5-position have negative charges in the
range of )0.01684 and )0.1693 e. So PEPE p-charges of
thiophenes, which were substituted at the 2 and or
5-positions, show good agreement with the correspond-
ing values of inhibition efficiency.
In conclusion, small changes in the S charge values

strongly influence the degree of inhibition. TBCP shows
extremely good inhibition (83%). An intramolecular

effect between phenylhydrazone and tertiobutoxy
groups was observed.
The inhibition efficiency of thiophene compounds

follows the sequence:

MTCð�27%Þ<ETCð�11%Þ<TMð12%Þ<Tð30%Þ
<TBCAð37%Þ<TBCPð83%Þ

More information may be also obtained from the
calculated quantum chemical indices like EHOMO,
ELUMO and energy gap, DE= (EHOMO ) ELUMO).
HOMO is the highest occupied molecular orbital and
LUMO is the lowest unoccupied molecular orbital.
Values of energies of LUMO and HOMO, DE and
percent inhibition efficiencies, are given in Table 3.
EHOMO is often associated with the electron donating

ability of the molecule. High values of EHOMO indicate a
tendency of the molecule to donate electrons to appro-
priate acceptor molecules with low energy, empty
molecular orbitals. Therefore, the energy of the lowest
unoccupied molecular orbitals indicates the ability of
the molecule to accept electrons. Also the less negative
HOMO and the smaller energy gap are reflected in
stronger chemisorption bond and perhaps greater inhib-
itor efficiency [24]. The plot of the inhibition efficiency of
thiophenes against EHOMO was linear with a slope close
to unity and regression coefficient R=0.964 (Figure 2).
Thus TBCP is the best inhibitor of the series studied

and a detailed study was conducted.
The influence of TBCP concentration on the corro-

sion rate was determined (Table 4). The corrosiveness is
markedly reduced with increasing inhibitor concentra-
tion. The highest inhibition efficiency 85% is observed at
5�10)3

M.
Figure 3 depicts the polarisation curves for steel in

0.5 M H2SO4 at different TBCP concentrations. Values
of associated electrochemical parameters and corre-
sponding inhibition efficiencies (E%) are given in
Table 5.
The addition of TBCP leads to a decrease in the

cathodic current densities. The cathodic portions rise to
Tafel lines indicating that the hydrogen evolution
reaction is activation controlled. The addition of the
inhibitor to the corrosive solution does not modify the
cathodic Tafel slope bc and the mechanism of the
reduction process is not affected. The free corrosion
potential determined after 30 min immersion does not
change in the presence of the inhibitor. The polarisation
curves for steel in H2SO4 show that the presence of

Table 2. Comparison of p-charges in thiophene derivatives calcu-

lated by PETRA program

E/% Calculation of p total charges/e

O(1) S O(2) N(1) N(2)

TBCA 37 0.0608 0.0173 )0.01856 – –

TBCP 83 0.0532 0.0159 – )0.0911 0.1581

T 30 – 0.0 – – –

ETC )11 – 0.0285 0.1684 – –

MTC )27 – 0.0284 )0.1693 – –

TM 12 0.0 0.0 – – –

Table 3. Quantum chemical calculations for the studied inhibitors

Compound 10)3
M EHOMO/eV ELUMO/eV DE/eV E/%

MTC )9.595 )0.640 8.955 )27
ETC )9.571 )0.610 8.961 )11
TM )9.193 0.123 9.316 12

T )9.218 0.238 9.546 30

TBCA )9.184 )0.581 8.603 37

TBCP )8.513 )0.307 8.206 83
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TBCP inhibits only the cathodic process. This phenom-
enon is more pronounced with the concentration of
inhibitor. E% values increase with inhibitor concentra-

tion and attains a maximum value of 87% at 5�10)3
M.

In the anodic domain the curve characteristics are
slightly modified in the presence of inhibitor. Then,
TBCP acts essentially as cathodic inhibitor.

3.2. Effect of temperature

Corrosion reactions are usually regarded as Arrhenius
processes and the rate (W) can be expressed by the
relation:

log Wð Þ ¼ �Ea

RT
þ A

where Ea is the activation energy of the corrosion
process.
Gravimetric measurements were taken at various

temperatures (298–353 K) in the presence and absence
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Fig. 2. Correlation of HOMO energies with percent inhibition of thiophene derivatives.

Table 4. Steel weight loss data and corresponding inhibition effi-

ciency of TBCP & at 298 K

Concentration/M Wcorr/mg cm)2 h)1 Ew/%

Blank 1.608 –

TBCP

10)5 1.694 5

5�10)5 1.603 00

10)4 1.573 02
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Fig. 3. Polarisation curves of steel in 0.5 M H2SO4 with and without TBCP at different contents.
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of 5�10)3
M of TBCP at 1 h of immersion. The

corresponding results are given in Table 6.
From these results, we can deduce that the corrosion

rate increases in the blank with rise in temperature, but
in the presence of TBCP, the dissolution is delayed. E%
remains almost constant with increase in temperature.
Arrhenius plots for the corrosion of steel are given in

Figure 4. The calculated values of activation energies in
the presence and absence of TBCP were Ea

¢ =57.5 and
Ea=57.7 kJ mol)1, respectively. The constancy in
activation energy supports the results obtained by
gravimetric and electrochemical studies and indicates

that TBCP is an efficient inhibitor and can be used in
pickling baths.

3.3. Electrochemical impedance spectroscopy
measurements

The corrosion behaviour of steel, in acidic solution in
the presence of TBCP at different concentrations was
investigated by EIS measurements at room temperature.
The locus of Nyquist plots is regarded as one part of a
semicircle. The equivalent circuit model employed for
this system is as previously reported in the literature [25]
and shown in Figure 5. Nyquist plots of steel in
inhibited and uninhibited acidic solutions containing
various concentrations of TBCP are shown in Figure 6.
The charge transfer resistance, Rt, the double layer
capacitance Cdl and the frequency fmax values are given
in Table 7.
The semicircle in the impedance diagrams indicates that

the corrosion of steel is controlled by a charge transfer
process. Table 6 shows the impedance parameters ob-
tained by line fitting to the semicircle. The charge transfer
resistance (Rt) increases with the inhibitor concentration.
Also, the double layer capacitance (Cdl) decreases with
increase in the concentration of the inhibitor. This
decrease is due to the adsorption of the inhibitor at the
metal surface causing a change in the double layer
structure [26]. When comparing the inhibition efficiencies
obtained from testingmethods used in this study, it can be
concluded that there is a fair agreement between results
obtained by the different techniques used.

3.4. Adsorption isotherm

Figure 7 shows the dependence of the fraction of the
surface covered h as a function of the logarithm of the
TBCP concentration, where h is the ratio E/100. The

Table 6. Effect of temperature on the corrosion of steel with and

without 5�10)3
M of TBCP

Temperature/K W0
corr/mg cm)2 h)1 Wcorr/mg cm)2 h)1 (TBCP) E/%

298 0.149 0.991 85

303 0.165 1.182 86

313 0.470 3.135 85

323 0.808 6.182 87

333 1.905 12.70 85

343 2.850 19.00 85

353 4.662 33.30 86

Table 5. Electrochemical parameters of steel in H2SO4 at various

concentrations of TBCP

Concentration/M Ecorr vs.

SCE/mV

bc/mV

dec)1
ba/mV

dec)1
Icorr/lA
cm)2

E/%

Blank )463 184 36 530 –

10)4 )450 187 40 502 5

5�10)4 )445 186 35 262 50

10)3 )443 178 43 90 83

5�10)3 )459 171 42 70 87
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Fig. 4. Arrhenius plots for steel in 0.5 M H2SO4 with and without TBCP at 5�10)3
M.
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plot is consistent with a double S-shaped adsorbed
isotherm showing adsorption according to the Frumkin
isotherm [27]:

H
1�H

� �
exp �fHð Þ ¼ 1

55:5
C � exp �DGads

RT

� �

f is a function of adsorption energy and DGads is a
standard free energy of adsorption. Two values of
concentration lead to the evaluation of f and DGads

which were 4.59 and )42.7 kJ mol)1, respectively. The
negative value of DGads suggests that TBCP is sponta-
neously adsorbed on the metal surface [28]. Moretti
et al. pointed out that when the value of DGads is more
negative than )40 kJ mol)1, chemisorption takes place
by charge sharing or transfer from the organic molecule
to the metal surface to form a co-ordinate type of bond
[29]. The positive value of f indicates repulsion of
inhibitor molecules at the surface. The S-shaped adsorp-
tion mode indicates that the mechanism of inhibition

involves two possibilities of adsorption. At a very low
concentration, the inhibitor is adsorbed at the metal
surface in vertical mode. The plateau means that all the
active sites on the surface are occupied by the inhibitor
molecules forming a complete monolayer in horizontal
mode. Further increase of inhibitor concentration leads
to the formation of a multilayer structure [30]. The
chemisorption mode may be represented by the scheme
shown in Figure 8.

4. Conclusion

The inhibition efficiency of thiophene compounds may
be classified as:

MTCð�27%Þ < ETCð�11%Þ < TMð12%Þ
< Tð30%Þ < TBCAð37%Þ < TBCPð83%Þ

TBCP is an efficient inhibitor for steel in 0.5 M H2SO4.
The inhibition efficiency of TBCP attains a maxi-
mum value of 87% at 5�10)3

M.
It acts as a cathodic-type inhibitor without modify-
ing the mechanism of hydrogen evolution.
The inhibition efficiency of TBCP is temperature
independent.

Cdl

Rt 

RS 

Fig. 5. Equivalent circuit used in the modelling of the EIS data.
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Fig. 6. Nyquist diagrams for steel in 0.5 M H2SO4 with different concentrations of TBCP.

Table 7. AC impedance data for steel in 0.5 M H2SO4 in presence

and absence of TBCP

Concentration/M Rt/X cm2 fmax/Hz Cdl/lF cm)2 E/%

blank 30 51.50 103 –

5�10)4 58 35.31 77.70 48

5�10)3 217 17.89 40.99 86
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TBCP is adsorbed according to the Frumkin
adsorption isotherm.
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