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Abstract Two triazole derivatives, 3,4-dichloro-aceto-
phenone-0-1'-(1',3', 4 -triazolyl)-methaneoxime  (4-DTM)
and 2,5-dichloro-acetophenone-O-1'-(1',3' ,4'-triazolyl)-
methaneoxime (5-DTM) were synthesized, and the inhi-
bition effects for mild steel in 1 M HCI solutions were
investigated by weight loss measurements, electrochemical
tests and scanning electronic microscopy (SEM). The
weight loss measurements showed that these compounds
have excellent inhibiting effect at a concentration of
1.0 x 107> M. The potentiodynamic polarization experi-
ment revealed that the triazole derivatives are inhibitors of
mixed-type and electrochemical impedance spectroscopy
(EIS) confirmed that changes in the impedance parameters
(R, and Cyy) are due to surface adsorption. The inhibition
efficiencies obtained from weight loss measurements and
electrochemical tests were in good agreement. Adsorption
followed the Langmuir isotherm with negative values of
the free energy of adsorption AGY,. The thermodynamic
parameters of adsorption were determined and are dis-
cussed. Results show that both 4-DTM and 5-DTM are
good inhibitors for mild steel in acid media.
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1 Introduction

Acid solutions are widely used in industry, some of the
important fields of application being acid pickling of iron
and steel, chemical cleaning and processing, ore production
and oil well acidification. The use of inhibitors is one of the
most economical and practical methods of reducing corro-
sive attack on metals [1-3]. During the past decade, the
inhibition of mild steel corrosion in acid solutions by var-
ious types of organic inhibitors has attracted much attention
[4-6]. Tt is generally accepted that inhibitors act via their
functional groups adsorbing on the metal surface, changing
the corrosion resistance properties of the metal [7, 8].
Recently it has been shown that the adsorption of organic
inhibitors mainly depends on physicochemical and elec-
tronic properties of the molecule, related to their functional
groups, steric effects, electron density of donor atoms, and
the 7 orbital character of donating electrons [9, 10].

Most of the well-known organic inhibitors contain
nitrogen, sulphur, oxygen, phosphorous and aromatic rings
or multiple bonds in their molecular structure [11, 12].
Examples are triazole-type compounds, containing several
heterocyclic structures, which have excellent inhibition
properties for the corrosion of many metals in various
aggressive media [13, 14]. However, the disadvantages of
some organic inhibitors are their toxicity. In view of
environmental protection requirements, the use of these
organic inhibitors is nowadays quite limited. Therefore,
investigating new environmentally friendly inhibitors for
steel corrosion in acid media is important.
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Two triazole derivatives, 3,4-dichloro-acetophenone-O-1'-
(1',3' 4 -triazolyl)-methaneoxime (4-DTM) and 2,5-dichloro-
acetophenone-0-1'-(1",3' 4’ -triazolyl)-methaneoxime (5-DTM),
respectively, were synthesized in our laboratory, and purified
and characterized by IR, '"HNMR, MS. The synthetic route
and molecular structures are shown in Fig. 1.

The objective of the present work was to study the
inhibition effect of the newly synthesized non-toxic tria-
zole derivatives on the corrosion of mild steel in
hydrochloric acid solutions. The inhibition performance
was evaluated by weight loss, potentiodynamic polariza-
tion, electrochemical impedance spectroscopy (EIS), and
scanning electronic microscopy (SEM).

2 Experimental
2.1 Solutions and specimens preparation

Solutions of 1 M HCI were prepared by dilution of analytical
grade 37% HCI with bidistilled water. The concentration
range of the inhibitors used was 1 x 107°M=1 x 1073 M,
and blank solution was used for comparison. Corrosion
experiments were performed on mild steel of the following
percentage composition (wt%): 0.17 °C, 0.46 Mn; 0.26 Si;
0.017 S; 0.019 Cu, and the remainder Fe.

2.2 Weight loss measurements

Prior to measurements, the steel specimens were mechan-
ically cut into pieces of dimensions 30 x 15 x 15 mm and

Fig. 1 The synthetic route and
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polished with emery paper up to 1200 grade. These were
immersed in 1 M HCI solutions with and without different
concentrations of inhibitors for 3 h at 298 K. Then the
specimens were removed, rinsed in water and acetone and
finally dried in a desiccator. The loss in weight was
determined by analytical balance.

2.3 Electrochemical experiments

The mild steel specimens used as working electrodes
were embedded in epoxy resin, leaving an exposed sur-
face area of 1 cm? to the electrolyte. A saturated calomel
electrode (SCE) and a platinum electrode were used,
respectively, as reference and auxiliary electrodes. All
potentials are given on the SCE scale. The electrochem-
ical experiments were carried out with a PARSTAT 2273
Potentiostat/Galvanostat in non-deaerated solutions at
298 £ 2 K.

The working electrode was immersed in 1 M HCl solution
for approximate 30 min until a steady-state open-circuit
potential (OCP) was obtained. The potentiodynamic polar-
ization curves were recorded from —200 to +200 mVgcg
(versus OCP) with a scan rate of 0.5 mV s and the
data were collected and analyzed by electrochemical
software PowerSuite ver.2.58. EIS measurements were
carried out at steady state OCP with amplitude of 10 mV ac
sine wave. The frequency range was 100 kHz-10 mHz.
The impedance data were analyzed and fitted using
ZSimpWin ver.3.21.
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3 Results and discussion
3.1 SEM analyses

The SEM photographs are given in Fig. 2. The surface
morphology of the sample before immersion in 1 M HCI
solutions show a freshly polished steel surface (Fig. 4a),
and the scratches are from the mechanical polishing
treatment. Figure 2b shows the surface morphology in the
absence of the inhibitor, the mild steel surface was highly
corroded with areas of localized corrosion. SEM images of
the mild steel surface after immersion in 1 M HCI with
1.0 x 107 M inhibitor of 4-DTM and 5-DTM are shown
in Fig. 2c and d where it can be seen that the rate of cor-
rosion is suppressed, and there is little acid corrosion
product on the steel surface, even the original polishing
scratches are seen. This clearly reveals that there is a good
protective film on the mild steel surface, decreasing the
extent of corrosion.

3.2 Electrochemical experiments
3.2.1 Potentiodynamic polarization curves

Polarization curves for mild steel in 1 M HCI solutions
without and with addition of different concentrations of
4-DTM and 5-DTM are shown in Fig. 3a and b. The anodic
and cathodic current-potential curves are extrapolated up to

Fig. 2 SEM micrographs of
mild steel samples (a) only
surface polishing, (b) after
immersion in 1 M HCI without
inhibitor, (¢) after immersion
in 1 M HCI in presence of

1.0 x 107> M 4-DTM, (d) after
immersion in 1 M HCI in
presence of 1.0 x 107> M
5-DTM

their intersection at the point where corrosion current
density (I.o;) and corrosion potential (E..,) are obtained.
The electrochemical parameters E.oy, Icorm, anodic and
cathodic Tafel slopes (f,, fi.) obtained from polarization
measurements are listed in Table 1. The inhibition effi-
ciency was calculated from expression [15] (1):

.0 _

IE% = “eor 1o o 100 (1)
lO
corr

0

% are the corrosion current with and

where i, and i
without inhibitor.

From Fig. 3a and b it can be seen that the cathodic Tafel
slopes (f.) remain almost constant with increasing inhibi-
tor concentration. This indicates that hydrogen evolution is
activation-controlled, and the addition of inhibitors does
not change the mechanism of the cathodic hydrogen evo-
lution reaction [16, 17].

For the anodic polarization curves of 4-DTM, at con-
centrations of 1.0 x 107> M or higher and for potentials
higher than —300 mVgcg, the corrosion current increases
more clearly with rising potential and the same result is
observed in the anodic polarization curves for 5-DTM. The
phenomenon of significant dissolution is due to the
desorption rate of the inhibitor being higher than its
adsorption rate [18]. This result shows that the inhibition
effect of these compounds depends on the electrode
potential.

The inhibition efficiency increases with increasing
inhibitor concentration and reaches its highest value at a

KYKY- 25008 SEM
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YRY 28001 SEM
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Fig. 3 Potentiodynamic polarization curves for mild steel in 1 M HCl
with different concentrations: (a) 4-DTM: a, Blank; b, 1.0 x 1073 M;c,
32 x107°M;d, 1.0 x 107* M; e, 32 x 107* M; f, 1.0 x 107> M;
() 5-DTM:a,Blank;b, 1.0 x 107> M;c,32 x 107> M;d, 1.0 x 107* M;
€,32 x 107 M;f, 1.0 x 107> M

concentration of 1.0 x 1073 M, it exhibits both anodic and
cathodic inhibition performance via adsorption on the steel
surface blocking active sites [19]. According to Riggs and
others [20], if the displacement in E.,, is >85 mV with
respect to EJ ., the inhibitor can be seen as a cathodic or

anodic type. In our study the maximum displacement was
40 mV, which indicates that the inhibitors are mixed-type.

3.2.2 Electrochemical impedance spectroscopy (EIS)

The Nyquist plots are shown in Fig. 4a and b, where it can
be seen that the impedance spectra are similar, exhibiting a
single semicircle at high frequency. The high frequency
capacitive loop is attributable to charge transfer of the
corrosion process, and the diameter of the semicircle
increases with increasing inhibitor concentration. As is
clear from Fig. 4, the impedance spectra do not present
perfect semicircles. The “depressed” semicircles have a
center under the real axis, and can be seen as depressed
capacitive loops. Such phenomena often correspond to
surface heterogeneity which may be the result of surface
roughness, dislocations, distribution of the active sites or
adsorption of inhibitors [21, 22]. In order to fit and analyze
the EIS data, an equivalent circuit was selected and is
shown in Fig. 5. This circuit is generally used to describe
the iron/acid interface model [23]. In this equivalent cir-
cuit, Rg is the electrolyte resistance, Rct is the charge
transfer resistance and CPE is a constant phase element.
The impedance function of the CPE is as follows:

Zepe = Y (jo) ™ (2)

where Y is a proportional factor, w is the angular
frequency, and the deviation parameter n is a valuable

Table 1 Potentiodynamic

olarization parameters for mild Concentration Ecorr Leorr Be Ba IE (%)
Eteel in 1 MpHCl with different M) (vs. SCE) (mV) (A em™) (mV dec™) (mV dec™)
Cogcgf“g;ﬁm of 4-DTM Blank —479.1 868 134.6 69.0
an -
4-DTM
I x107° —481.0 629 140.1 64.9 27.5
32 x 107° —470.1 234 144.1 51.4 73.0
1.0 x 1074 —465.2 123 140.0 49.1 85.8
32 x 1074 —430.8 14 149.6 58.5 98.4
1.0 x 1073 —448.7 11 158.5 80.4 98.7
5-DTM
1 x107° —492.1 664 135.8 71.4 23.5
32 x 107° —488.5 418 133.7 64.5 51.8
1.0 x 1074 —486.0 127 123.9 55.8 85.3
32 x 1074 —489.8 42 134.4 60.8 95.1
1.0 x 1073 —466.7 14 137.3 68.2 98.4
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Fig. 4 Nyquist diagrams for mild steel in 1 M HCI containing
different concentrations of (a) 4-DTM: a, Blank; b, 1.0 x 1073 M;c,
32 x 107°M;d, 1.0 x 107* M;e,3.2 x 107* M; f, 1.0 x 107> M;
(b) 5-DTM: a, Blank; b, 1.0 x 107°M; ¢, 3.2 x 107> M; d,
10 x 1074 M e, 32 x 107* M; f, 1.0 x 107° M

CPE

Ry

Fig. 5 The equivalent circuit model used to fit the EIS experiment
data for mild steel in 1 M HCI solutions

criterion of the nature of the metal surface and reflects
microscopic fluctuations of the surface. For n = 0, Zcpg
represents a resistance with R = Y n=-1 an
inductance with L =Y"', n=1 a ideal capacitor with
C =Y [24]. In real iron/acid interface systems, ideal
capacitive behavior is not observed due to roughness, or
uneven current distributions on the electrode surface;
therefore a CPE is used instead of a capacitor Cy
(double layer capacity) to fit more accurately the
impedance behavior of the electrical double layer. The
capacitance values can be described by CPE parameter
values Y and n using the expression [25]

Ya)”’l

Cyg=—"7—
d sin(n%)

(3)

According to the equivalent circuit, the impedance data
were fitted and the electrochemical parameters R, and Cqy
are listed in Table 2. The inhibition efficiency, IE%, in
different concentrations of 4-DTM and 5-DTM were cal-
culated from the charge transfer resistance according to
equation:

Ra =Rat 100 (4)

R

ct

IE% =

where R, and RY, represent the charge transfer resistance in
the absence and presence of inhibitor. The values of Rct
increase with increasing inhibitor concentration and the
results indicate that charge transfer process mainly controls
the corrosion process. The decrease in Cy is due to
adsorption which displaces water molecules originally
adsorbed on the mild steel surface and decreases the active
surface area. The values of double-layer capacitance
decrease with increasing inhibitor concentration indicating
that 4-DTM and 5-DTM molecules function by adsorption
at the metal/solution interface, leading to a protective film
on the steel surface [26]. In addition, the deviation
parameter n has a tendency to decrease with increasing
inhibitor concentration. The decrease in n may be
connected with surface roughening which, due to the
inhibitor molecules adsorbed on the metal surface, increase
the heterogeneity [27]. The inhibiting efficiencies calcu-
lated by EIS and potentiodynamic polarization are in
reasonably good agreement.

3.3 Weight loss measurements

Values of inhibition efficiency IE% and corrosion rate
(mg cm™ > h™") obtained from the weight loss method for
various concentrations of 4-DTM and 5-DTM at 298 K are
summarized in Table 3. The inhibition efficiency IE% was
calculated from Eq. 5:
o

% x 100 (5)
where W° and W are the corrosion rates in the absence and
presence of the inhibitor, respectively. It can be seen in
Table 3 that increase in inhibitor concentration leads to a
decrease in corrosion rate and an increase in inhibition
efficiency. At the highest concentration of 1 x 107> M,
the inhibition efficiency attains about 92% for 4-DTM, and
94% for 5-DTM, indicating that both triazoles are excellent
inhibitors. Also the inhibition efficiencies obtained from
electrochemical measurements are not the same as those

IE =
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Table 2 Impedance data of mild steel in 1 M HCI in absence and
presence of different concentrations of 4-DTM and 5-DTM

Concentration Ry R Ca n 1IE
M) Qem®)  (Qcem®)  (uF em ™) (%)
Blank 0.71 19.02 173 0.913
4-DTM

1 x 107 0.45 24.8 152 0.969 233
3.2 x 107° 0.53 37.48 112 0.969 495
1.0 x 107* 0.56 61 102 0.929 68.8
32 x 107* 0.51 1014 38 0.866 98.1
1.0 x 1072 1.69 1474 50 0.807 98.7
5-DTM

1 x 107 1.85 25.6 125 0.967 25.8
3.2 x 107° 1.80 33.9 106 0.968 439
1.0 x 107* 1.21 82.3 71 0925 769
32 x107* 1.46 285.9 47 0.869 93.3
1.0 x 1073 1.83 948.7 42 0.829 98.0

from weight loss measurements. The difference can be
attributed to the fact that the weight loss method gives
average corrosion rates, whereas the electrochemical
method gives instantaneous rates.

3.4 Adsorption isotherm

It is widely acknowledged that basic information on the
interaction between an inhibitor and the mild steel surface
is provided by the adsorption isotherm. The surface cov-
erage (0) of different concentrations of inhibitor in acidic
medium can be calculated by weight loss measurement, the
equation being as follows [28]:

Table 3 Values of inhibition efficiency of mild steel in 1 M HCI in
absence and presence of different concentrations of 4-DTM and
5-DTM at 298 K

Concentration Weight loss 1E (%)
(M) (mgem?h™")

Blank 6.205

4-DTM

1 x107° 5.872 5.34
32 x 107 4.060 34.6
1.0 x 107 2.224 64.2
32 x 107* 0.448 91.9
1.0 x 1073 0.498 92.8
5-DTM

1 x107° 5.667 8.7
32 x 107 3.735 39.8
1.0 x 107 1.324 78.7
32 x 107* 0.547 91.2
1.0 x 1073 0.376 94.0

@ Springer

1.2x10°3
a: 4-DTM R2 =0.9904
b: 5-DTM R2 =0.9971
8.0x10™ 1
o
S
€
D
O 4.0x10% 7
0.0 -
T T T T
0.0 4.0x10% 8.0x104
C/ mol L1

Fig. 6 Langmuir isotherm adsorption of 4-DTM and 5-DTM on mild
steel in 1 M HCI at 298 K
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The values of € can be used to determine the
thermodynamic parameters and the mode of the adsorption
process. The adsorption models considered were:

Temkin isotherm exp(f ) = k,qs C

Langmuir isotherm 6/(1 — 0) = k,qs C

Frumkin isotherm 6/(1 — 0) exp(—2f 0) = kags C
Freundluich isotherm 0 = k.4, C

where k,qs is the equilibrium constant of the inhibitor
adsorption process, C is the inhibitor concentration and f'is
the parameter related to the variation in adsorption energy
with surface coverage. The Langmuir isotherm was found
to provide the best description of the adsorption behavior.
Plots of C/0 versus C yield a straight line as shown in
Fig. 6. In both cases the linear regression coefficients (R%)
are almost equal to 1 and the slopes are very close to 1,
indicating that the adsorption of 4-DTM and 5-DTM obeys
the Langmuir isotherm and there is negligible interaction
between the adsorbed molecules.

k.qs values can be calculated from the intercepts of the
straight lines on the C/0-axis, and the constant of adsorp-
tion, k,qs is related to the standard free energy of
adsorption, AGY,,, with the following equation [29]:

kags = (1/55.5) exp(—AG®y. /RT) (7)

the value 55.5 is the molar concentration of water in
solution in mol L™" [30]. The thermodynamic parameters
for adsorption obtained from the Langmuir isotherm are
listed in Table 4.

The negative values of AGY,, suggest that the adsorption
of 4-DTM and 5-DTM onto the steel surface is a sponta-
neous process and the adsorbed layer is stable. Generally,
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Table 4 Thermodynamic parameters for the adsorption of 4-DTM
and 5-DTM in 1 M HCI on the mild steel at 298 K

kads (Mil) AGst (kJ HlOlil)
4-DTM 1.12 x 10* —33.07
5-DTM 1.79 x 10* —34.23

for values of AGY; up to —20kJ mol ™!, the type of
adsorption is regarded as physisorption. The adsorption
process is due to electrostatic interactions between the
charged molecules and the charged metal [28, 31]. Values
around —40 kJ mol™' or higher are associated with
chemisorption [32]. The calculated AGY, values are
—33.07 and —34.23 kJ mol ™' indicated that adsorption
may involve complex interactions: chemical adsorption
and physical adsorption. The possible adsorption mecha-
nisms is: (a) Direct adsorption on the basis of donor—
acceptor interactions between the lone pairs of electrons of
chloride atoms, m-electrons of —C=N, phenyl, triazolyl
groups and the vacant d-orbitals of iron surface atoms. This
process is called chemical adsorption. (b) Protonation of
the 4-DTM and 5-DTM molecule in acid solution, forming
cations, the adsorption process can occur via electrostatic
interaction between the positively charged heterocyclic
nitrogen atoms and the negatively charged mild steel sur-
face. This process is called physical adsorption. (c) Indirect
adsorption of the protonated triazoles on the mild steel
surface through a synergistic effect with chloride ions from
hydrochloric acid solution.

4 Conclusion

1. All measurements showed that the triazole derivatives
have excellent inhibition properties for the corrosion of
mild steel in 1 M HCI solutions. The inhibition effi-
ciency increases with inhibitor concentration and
reaches its highest value at 1.0 x 107> M.

2. Potentiodynamic polarization measurements show that
the triazole derivatives act as mixed-type inhibitors.
EIS measurements also indicate that the inhibitors
increase the charge transfer resistances and show that
the inhibitive performance depends on adsorption of
the molecules on the metal surface.

3. The inhibiting efficiencies determined by potentiody-
namic polarization, EIS, and weight loss methods are
in reasonably good agreement.

4. The adsorption model obeys the Langmuir isotherm at
298 K. The negative values of AGY,, indicate that the

adsorption of the triazole molecule is a spontaneous

process, and three different adsorption mechanisms
may take place on the mild steel surface.
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