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Abstract

Benzotriazole derivatives, namely, N-[1-(benzotriazolo-1-yl)alkyl] aryl amine (BTMA), N-[1-(benzotriazolo-1-
yl)aryl] aryl amine (BTBA), and 1-hydroxy methyl benzotriazole (HBTA), were synthesized and their inhibition
behaviour on mild steel in 0.5 M H2SO4 at room temperature was investigated by various techniques. Preliminary
screening of the inhibition efficiency (IE) was carried out using weight-loss measurements. Potentiodynamic
polarization and AC impedance studies were used to investigate the inhibitor mechanism. Benzotriazole derivatives
were found to act as mixed type inhibitors. Among the compounds studied, HBTA exhibited the best performance
giving more than 95% IE in H2SO4 solutions. The passive film characterization was done using FTIR spectrum.

1. Introduction

Mild steel has been extensively used under different
conditions in chemical and allied industries in handling
alkaline, acid and salt solutions. Chloride, sulphate and
nitrate ions in aqueous media are particularly aggressive
and accelerate corrosion. One way of protecting mild
steel from corrosion is to use corrosion inhibitors. Most
of the well-known inhibitors are organic compounds
containing nitrogen, sulphur and/or oxygen atoms. It
has been observed that most of the organic inhibitors act
by adsorption on the metal surface [1]. This pheno-
menon is influenced by the nature and surface charge
of metal, by the type of aggressive electrolyte and by
the chemical structure of inhibitors.
The adsorption of corrosion inhibitor depends mainly

on physico-chemical properties of the molecule such as
functional groups, steric factor, molecular size, mole-
cular weight, molecular structure, aromaticity, electron
density at the donor atoms and p-orbital character of
donating electrons [2–6] and also on the electronic
structure of the molecules [7, 8]. Many studies have
been made on the corrosion and inhibition of steels
in acid media [9–13]. It is well-known that triazole
type organic compounds are good inhibitors for
many metals and alloys in various aggressive media
[14–19].
In the present work, the electrochemical behaviour of

mild steel in 0.5 M H2SO4 in the absence and presence of
benzotriazole derivatives has been investigated by po-
tentiodynamic polarization, electrochemical impedance
and weight-loss measurements.

2. Experimental data

2.1. Weight-loss studies

Mild steel strips having chemical compositions 0.14% C,
0.17% Si, 0.35%Mn, 0.03% P, 0.025% S, the remainder
being Fe, were used. Weight-loss measurements were
carried out using steel strips of size 8 cm · 5 cm · .4 cm.
N-(1-benzotriazole-1-yl)methyl] aniline (BTMA) and
N-(1-benzotriazole-1-yl)benzyl] aniline (BTBA) and 1-
hydroxy methyl benzotriazole (HBTA) were synthesized
according to a previously reported experimental proce-
dure [20]. The compounds synthesized were character-
ized by their infrared (IR) spectral data. The molecular
structure of BTA, BTMA, BTBA and HBTA are given
in the Table 1. The acidic solution used were made using
analytical grade H2SO4. The concentration range of
inhibitors was varied from 0.415 M · 10)4 to 3.32 M ·
10)4 in 0.5 M H2SO4.
The weight-loss measurements were carried out as

described elsewhere [21]. Mild steel strips were immersed
in 400 cm3 of inhibited and uninhibited solutions at
room temperature (25 �C), according to ASTM stan-
dards for 2 h in 0.5 M H2SO4 solution [22]. The inhibi-
tion efficiency (IE) and corrosion rates in the presence
of the inhibitors were calculated from weight-loss
measurements.

2.2. Potentiodynamic polarization studies

The potentiodynamic polarization studies were carried
out with steel strips having an exposed area of 1 cm2.
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The specimens were mechanically polished using differ-
ent grades of emery paper (120, 400, 800,1000 and 1200)
and washed thoroughly with distilled water and de-
greased with acetone. The cell assembly consisted of
mild steel as working electrode, a platinum foil as
counter electrode, and a saturated calomel electrode
(SCE) as a reference electrode with a Luggin capillary
bridge. Potentiodynamic polarization studies were car-
ried out using a potentiostat/galvanostat (model
PGSTAT 12) and the obtained data were analysed
using the GPES software version 4.9. At a constant scan
rate of 1 mV s)1 from open-circuit potential (OCP),
anodic and cathodic polarization curves were obtained
after immersion of the electrode in the aerated solution
for 30 min until reaching steady state. The inhibitor
efficiencies of the compounds were determined from
corrosion currents calculated using the Tafel extrapola-
tion method.

2.3. Electrochemical A.C. impedance studies

Electrochemical impedance spectra (EIS) were carried
out at Ecorr using an electrochemical system Frequency
Response Analyser (FRA), which included a potentio-
stat model PGSTAT 12. Mild steel with the exposed
surface of 1 cm2 was used as the working electrode. The
EIS were acquired in the frequency range 100 kHz to
1 Hz with a 10 mV amplitude sine wave generated by a
frequency response analyzer.

2.4. Fourier transform infrared (FTIR) spectroscopic
studies

The mild steel specimens were immersed in various test
solutions for a period of 24 h. After 24 h, the specimens
were taken out and dried. The surface film was scratched
carefully and the product obtained was thoroughly
mixed so as to make it uniform throughout. FTIR
spectra were recorded using a Perkin–Elmer spectro-
photometer Avatar Model from the KBr wafer of the
corrosion product.

3. Results and discussion

3.1. Weight-loss studies

Table 2 shows the IE and corrosion rate of mild steel
obtained by weight-loss measurements at different
inhibitor concentrations in 0.5 M H2SO4 at room
temperature. The IE was calculated as follows:

Inhibition efficiency (IE %) ¼ W � Winh

W
� 100

where Winh and W are the values of the weight-loss of
steel after immersion in solutions with and without
inhibitor, respectively. Table 2 and Figure 1 shows that
the IE increases and the corrosion rate decreases with

Table 1. Name and molecular structures of the benzotriazole derivatives

S. no Designation Structural formula Abbreviation

1 Benzotriazole BTA

2 N-[1-(benzotriazolo-l-yl)methyl] aniline BTMP

3 N-[1-(benzotriazolo-l-yl)benzyl] aniline BTBA

4 1-hydroxy methyl benzotriazole HBTA
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increase in inhibitor concentration. The percentage IE
for different triazole derivatives decreases in the follow-
ing order:

HBTA > BTBA > BTMA > BTA

3.1.1. Mechanism of corrosion inhibition
It is well-known that the inhibitive action of organic
compounds containing S, N and/or O is due to the
formation of a co-ordinate type bond between the metal
and the lone pair of electrons in the additive. The
tendency to form a co-ordinate bond and hence the
extent of inhibition can be enhanced by increasing
the effective electron density at the functional group of
the additive [23]. In aromatic or heterocyclic ring
compounds the effective electron density at the func-
tional group can be varied by introducing different
substituents in the ring leading to variations of the
molecular structure.
The adsorption of benzotriazole derivatives on the

metal surface can occur either directly on the basis of
donor–acceptor interactions between the p-electrons of
the inhibitor and the vacant d-orbitals of iron surface
atoms or an interaction of inhibitor with already
adsorbed sulphate ions as proposed earlier [24, 25].
The corrosion inhibition property of the BTA deriva-
tives can be attributed to the presence of heteroatoms
such as N, O and of p-electrons on aromatic nuclei.
These factors play the vital role in the adsorption of the
inhibitor on the metal surface.
The corrosion inhibition study indicated that HBTA

has the highest IE compared to other BTA derivatives.
The high solubility of HBTA in 0.5 M H2SO4 and the
presence of an oxygen atom with a lone pair of electrons
make HBTA a very good inhibitor. Though BTBA and
BTMA have an extra phenyl ring, this ring strongly
reduces their solubility and they are sterically hindered
from adhering to the metal surface through the nitrogen
atom. Comparing BTBA and BTMA, BTBA performs
better. This is probably due to the influence of the
second phenyl ring in the structure. Though the second
ring might reduce the solubility further, the p-electron
delocalization is greater than the solubility factor.

Table 2. IE for various concentration of benzotriazole derivatives for

the corrosion of mild steel in 0.5 M H2SO4 obtained from weight-loss

measurements at 30 �C

Concentration Corrosion rate Inhibition efficiency

/M · 10)4 /mm year)1 /%

0.5 M H2SO4 40.83 –

BTA

4.19 30.82 24.52

8.39 21.57 47.17

16.78 16.12 60.51

25.18 14.64 64.14

33.57 10.79 73.57

41.97 11.55 71.71

BTMA

2.22 29.27 28.31

4.44 16.18 60.37

8.88 12.23 70.04

13.32 7.70 81.14

17.76 8.48 79.23

BTBA

1.65 13.87 66.03

3.30 11.94 70.75

6.61 5.39 86.80

9.92 1.54 96.22

13.23 1.70 95.84

HBTA

3.35 13.48 66.99

6.70 3.85 90.57

13.41 0.616 98.49

20.11 0.385 99.05

26.82 0.693 98.30

Fig. 1. Variation of IE with inhibitor concentration (M) in 0.5 M H2SO4. –d– BTA, –m– BTMA, –¤– BTBA and –j– HBTA.
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3.2. Potentiodynamic polarization studies

The cathodic and anodic polarization curves of mild
steel in 0.5 M H2SO4 solution with maximum concen-
trations of BTA, BTMA, BTBA and HBTA are shown
in Figures 2–6. In the presence of inhibitor, the cathodic
and anodic curves are shifted and the shift is dependent
on inhibitor concentration.

The polarization parameters such as corrosion poten-
tial (Ecorr) and corrosion current density (Icorr) obtained
by extrapolation of the Tafel lines are listed in Table 3.
As the concentration of inhibitor increases, there is a
marginal shift in Ecorr and a decrease in Icorr. The
addition of benzotriazole derivatives hinders acid attack
on the mild steel and a comparison of curves in both
cases, shows that, with respect to the blank, increasing
the inhibitor concentration gives rise to a consistent
decrease in anodic and cathodic current densities,
indicating that the benzotriazole derivatives act as
mixed type inhibitors.
The values of cathodic Tafel slope bc for benzotriazole

derivatives are found to change with inhibitor concen-
tration, which clearly indicates that the benzotriazole
derivatives influence the kinetics of the hydrogen evo-
lution reaction. However, the values of the anodic Tafel
slope ba, increases only to a small extent, as these
compounds do not influence anodic dissolution. This
indicates an increase in the energy barrier for proton
discharge, leading to less gas evolution. The values of IE
increase with increase in inhibitor concentration, indi-
cating that a higher surface coverage was obtained in a
solution with maximum concentration of inhibitor. The
corrosion rate in blank solution was found to be
36.38 mm year)1 and it was minimized by adding the
inhibitors to a lower value of 6.05, 7.60, 1.74 and
0.96 mm year)1 for mild steel.

Fig. 2. Polarization curves for mild steel in 0.5 M H2SO4 containing

different concentrations benzotriazole (BTA). — Blank, — —

8.39 M · 10)4, – - – - – 16.78 M · 10)4, — - - — 25.18 M · 10)4,

– - - - – 33.57 M · 10)4 and – – – – 41.97 M · 10)4.

Fig. 3. Polarization curves for mild steel in 0.5 M H2SO4 containing

different concentrations of N-[1-(benzotriazolo-1-yl)methyl]aniline

(BTMA). — Blank, — — 2.22 M · 10)4, – - – - – 4.44 M · 10)4,

– - - – 8.88 M · 10)4, – - - - – 13.32 M · 10)4 and – – – – 17.76

M · 10)4.

Fig. 4. Polarization curves for mild steel in 0.5 M H2SO4 containing

different concentrations of N-[1-(benzotriazolo-1-yl)benzyl]aniline

(BTBA). — Blank, — — 1.65 M · 10)4, – - – - – 3.30 M · 10)4, – - - –

6.61 M · 10)4, – - - - – 9.92 M · 10)4 and – – – – 13.23 M · 10)4.

Fig. 5. Polarization curves for mild steel in 0.5 M H2SO4 containing

different concentrations of 1-hydroxy methyl benzotriazole (HBTA).

— Blank, — — 3.35 M · 10)4, – - – - – 6.70 M · 10)4, – - - –

13.41 M · 10)4, – - - - – 20.11 M · 10)4 and – – – – 26.82 M · 10)4.

Fig. 6. Cathodic and anodic polarization curves for mild steel in 0.5 M

H2SO4 containing maximum concentration of benzotriazole deriva-

tives. — Blank, — — BTA, – - – - – BTMA, – - - – BTBA and — - - –

HBTA.
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3.3. A.C. impedance studies

The results can be interpreted in terms of the equivalent
circuit of the double layer shown in Figure 7, which has
been used previously to model the iron-acid interface
[26].
The corrosion behaviour of mild steel in acid solution

in the presence of benzotriazole derivatives was inves-
tigated by EIS at room temperature. Various impedance
parameters such as charge transfer resistance (Rct),
double layer capacitance (Cdl), corrosion current density
(Icorr) and IE are given in Table 4. The impedance
diagrams obtained were not perfect semicircles. This
feature had been attributed to frequency dispersion [27].
The charge transfer resistance values (Rct) were calcu-
lated from the difference in impedance at the lower and
higher frequencies, as suggested by Haruyama and
Tsuru [28]. To obtain the double layer capacitance
(Cdl), the frequency at which the imaginary component

of the impedance is maximum (�Z 00
max) was found and

Cdl values were obtained from the equation:

Cdl ¼
1

2pf ð�ZimmaxÞRt

Nyquist plots of mild steel in inhibited and uninhi-
bited acidic solutions containing maximum concentra-
tions of benzotriazole derivatives are shown in Figures
8–10. The percentage inhibition efficiency (IE %) for the
corrosion of steel is calculated by Rct as follows:

Inhibition Efficiency (IE %) ¼ R�1
ct � R�1

ct inh

R�1
ct

� 100

where Rct and Rct inh are the charge transfer resistance
values without and with inhibitor, respectively. After
20 h immersion, IE increases with increase in inhibi-
tor concentration in 0.5 M H2SO4 solution. The IE
values determined using the polarization curves were
lower than those determined by EIS experiments.
This difference is probably due to the shorter immer-
sion time in the case of the polarization measurements
[29].
Impedance parameters derived from these investiga-

tions are given in Table 4. As the benzotriazole concen-
tration increased, Rct values increased, but Cdl values
tended to decrease. The decrease in Cdl values was

Table 3. Electrochemical parameters and inhibition efficiency for corrosion of mild steel in 0.5 M H2SO4 containing different concentrations of

benzotriazole derivatives

Concentration Icorr Ecorr ba, bc, Corrosion rate Inhibition efficiency

/M · 10)4 /lA cm)2 /mV vs. SCE /mV (dec))1 /mV (dec))1 /mm year)1 /%

Blank 2882 )524 182 117 36.38 –

BTA

4.19 2296 )510 112 60 29.17 20.33

8.39 1583 )507 128 75 20.48 45.07

16.78 1196 )502 132 82 15.48 58.50

25.18 1085 )498 175 96 14.04 62.35

33.57 837 )496 166 78 6.059 70.95

41.97 842 )497 171 75 6.105 70.78

BTMA

2.22 2088 )517 123 86 27.02 27.55

4.44 1218 )502 158 87 15.76 57.73

8.88 898 )511 182 90 13.42 68.84

13.32 588 )506 233 74 7.608 79.59

17.76 600 )506 121 53 7.774 79.18

BTBA

1.65 1060 )497 153 64 13.72 63.21

3.30 895 )495 163 62 11.59 68.94

6.61 404 )498 155 71 5.23 85.98

9.92 134 )493 137 49 1.74 95.35

13.23 141 )493 141 50 1.83 95.10

HBTA

3.35 982 )499 148 65 12.04 65.92

6.70 308 )496 158 59 2.80 89.31

13.41 86 )481 142 39 1.10 97.05

20.11 74 )469 143 42 0.96 97.43

26.82 81 )478 97 24 1.00 97.18

Fig. 7. Equivalent circuit for the metal-acid interface.
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caused by adsorption of benzotriazole. The relationship
between Rct and Cdl values with immersion time of 20,
10 h and after immersion are shown in Table 4. Rct

values for mild steel in 0.5 M H2SO4 without inhibitor
(Blank) increased with immersion time, but Rct values
for mild steel in 0.5 M H2SO4 with optimum concentra-
tions of all the BTA derivatives increased with decrease
in immersion time.
When the inhibitor concentration increased, Cdl

decreased. Decrease in Cdl, which can result from a
decrease in local dielectric constant and/or an increase in
the thickness of the electrical double layer, suggests that
the benzotriazole derivatives function by adsorption at
the metal-solution interface [30]. The relationship be-
tween Cdl with immersion time for mild steel in H2SO4

without inhibitor (blank) decreased with immersion time

Table 4. Impedance measurements and inhibition efficiency in 0.5 M H2SO4 containing maximum concentrations of benzotriazole derivatives

after immediate immersion, 10 and 20 h immersion

Inhibitors Rct

/ohm cm2
Erest potential

vs. SCE

/mV

Cdl

/lF cm)2
Inhibition efficiency

/%

0 h 10 h 20 h 0 h 10 h 20 h 0 h 10 h 20 h 0 h 10 h 20 h

Blank 6.73 7.00 7.35 )520 )517 )517 1503.2 1365.0 1317.1 – – –

BTA 16.91 26.16 29.58 )510 )500 )498 1140.1 128.4 118.3 60.21 73.25 75.16

BTMA 28.31 36.17 39.36 )500 )490 )486 130.5 115.2 105.6 76.23 80.65 81.33

BTBA 40.78 123.23 223.40 )490 )463 )458 117.9 108.2 100.0 83.50 94.32 96.71

HBTA 61.85 258.30 2534.4 )465 )460 )455 95.6 89.3 85.9 89.12 97.29 99.71

Fig. 8. Nyquist diagrams for mild steel in 0.5 M H2SO4 containing

maximum concentration of benzotriazole derivatives after 20 h. —

Blank, ... ... .. BTA, — — BTMA, – - – - – BTBA and – – – – HBTA.

Fig. 9. Nyquist diagrams for mild steel in 0.5 M H2SO4 containing

maximum concentration of benzotriazole derivatives after 10 h. —

Blank, ... ... .. BTA, — — BTMA, – - – - – BTBA and – – – – HBTA.

Fig. 10. Nyquist diagram for mild steel in 0.5 M H2SO4 containing

maximum concentration of benzotriazole derivatives immediately after

immersion. — - - – Blank, .. ... ... BTA, —— BTMA, – - – - – BTBA

and – – – – HBTA.
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as shown in Figure 11. The same trend was observed for
H2SO4 with inhibitor. The change in Rct and Cdl values
was caused by the gradual replacement of water
molecules by the anions of the acid and adsorption of
the organic molecules on the metal surface, reducing the
extent of dissolution [31].

3.4. Analysis of FTIR spectra

The FTIR analysis of BTA, BTBA, BTMA and HBTA
and their iron complexes was carried out between 500
and 4000 cm)1. The spectra are shown in Figure 12. The
NAH stretching of the BTA derivatives showed a sharp
intense peak around 3450 cm)1. The aliphatic and
aromatic CAH stretching produced a less intense peak
between 2900 and 3100 cm)1. The NAH bends are
shown around 1500–1600 cm)1 and the CAN stretching
vibrations are shown with an intense peak around 1300–
1450 cm)1.
The IR spectrum of BTA and BTA-iron complex is

shown in Figure 12(a). The broad envelope between
3000 and 3700 cm)1 is assigned to the OAH stretch of
water. The broadening of the OAH stretch clearly
demonstrates the formation of an ice of water over iron
oxide, through hydrogen bonding interaction. The
presence of the NAH stretch of BTA is not resolved in
this region for the BTA-iron complex. However, the
presence of BTA over the oxide surface is well evidenced
by the aromatic CAH stretch lying just above
3000 cm)1. The peak around 1650 cm)1 is assigned to
OH2 bending vibration. The peak around 1000 cm)1 in
the BTA-iron complex is due to OAFeAO vibration.
Figure 12(b) illustrates the middle infrared spectrum

of BTBA and the BTBA-iron complex. The FTIR
spectrum of BTBA-iron complex illustrates a much-
broadened envelope for the OAH stretching mode of
water. The peaks around 3000 cm)1 are due to the
aromatic and aliphatic CAH stretching modes. These

Fig. 11. Relationship between Cdl and immersion time for mild steel in

–s– Blank, –)– BTA, –h– BTMA, –,– BTBA and –n– HBTA.

Fig. 12. FTIR spectra (a) – – – – BTA, — BTA-iron complex (b) – – – – BTMA, — BTMA-iron complex (c) – – – – BTBA, —– BTBA-iron

complex (d) – – – – HBTA, — HBTA-iron complex.

1181



modes are evidence for the presence of BTBA over the
iron oxide.
Figure 12(c) shows the IR-spectrum of BTMA and

BTMA-iron complex. The appearance of a shoulder in
this envelope at 3300 cm)1 due to asymmetric and
symmetric stretching modes of CH2 clearly established
the presence of the derivative on the iron oxide surface.
The sharp peak at 1632 cm)1 is assigned to the OH2

bending mode. Below 1500 cm)1 the characteristic iron
oxide vibrations are evident.
Figure 12(d) illustrates the FTIR spectrum of HBTA

and HBTA-iron complex. The broad envelope in the
higher energy side can be assigned to AOH stretch of
water. The peak at 1632 cm)1 is due to AOH2 bend. The
peak at above 3000 cm)1 clearly establishes the presence
of HBTA over iron oxide. Although the AOH stretch
(3300 cm)1) is not well resolved, the presence of a
shoulder is evident in the broad envelope. The iron oxide
vibrations at 1450 cm)1 and just above 1000 cm)1 are
clearly observed. From the foregoing the presence of
benzotriazole derivatives on iron oxide surface, is evident.

4. Conclusion

The main conclusions are:
(1) All the substituted benzotriazole derivatives show

good IE in 0.5 M H2SO4.
(2) The IE of the substituted benzotriazole derivatives

follows the order:
HBTA > BTBA > BTMA > BTA.

(3) The polarization data indicate suppression of both
the partial corrosion processes in the presence of
benzotriazole derivatives. These inhibitors behave as
mixed-type.

(4) The inhibition is due to the adsorption of benzo-
triazole derivatives on the steel surface and the
blocking of active sites.

(5) Electrochemical impedance spectroscopy shows that
Rct values increase, while Cdl and Icorr values de-
crease in the presence of benzotriazole derivatives.

(6) FTIR shows that the protective film consists of BTA
derivatives.
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