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Abstract Inhibition of the corrosion of C38 steel in 1 M HCIl by 6-bromo-3-
nitroso-2-phenylimidazol[1,2-a]pyridine (BNPP) has been studied by use of elec-
trochemical impedance spectroscopy and potentiodynamic polarization. BNPP
inhibited the corrosion of C38 steel in 1 M HCI solution. Polarization curves show
that BNPP acts as mixed-type inhibitor. Changes in impedance (charge-transfer
resistance, R,, and double layer capacitance, Cq;) were indicative of adsorption of
BNPP on the metal surface, leading to formation of a protective film. The extent of
surface coverage by the inhibitor was determined by measurement of weight loss; it
was found that adsorption of this inhibitor on the C38 steel surface obeys the
Langmuir adsorption isotherm. The effect of temperature on the corrosion behaviour
was studied in the range 289-328 K. The results showed that the rate of corrosion of
C38 steel increased with increasing temperature both in the presence of
10~* M BNPP and in its absence. Activation energies in the presence and absence
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of BNPP were obtained by measuring the temperature dependence of charge-
transfer resistance.

Keywords Corrosion - Inhibition - BNPP - C38 steel - HCI - Polarisation curves -
EIS

Introduction

Mild steel is exposed to the action of acid in many industrial processes in which acid
is used, for example in oil well acidification, acid pickling, acid cleaning, and acid
descaling. Because the effects of exposure to acid can be extremely severe,
corrosion inhibitors are widely used in industry to prevent or reduce rates of
corrosion of metallic materials in these acid media. The use of inhibitors is one of
the best methods of protecting metals against corrosion [1, 2]. Because of the
aggressiveness of the acids, inhibitors are used to reduce the rate of dissolution of
the metal [3-10]. The effect of organic nitrogen compounds on the corrosion
behaviour of metallic materials in aggressive solutions has been well documented
[11-27]. Choice of these is based on their stability as inhibitors of corrosion of
metallic materials in acidic media. In this work, inhibition of the corrosion of C38
steel in 1 M HCI solution by 6-bromo-3-nitroso-2-phenylimidazol[1,2-o]pyridine
(Fig. 1) was investigated by Tafel polarization, electrochemical impedance
spectroscopy (EIS), and measurement of weight loss.

Materials and methods
Materials

The steel used in this study was a carbon steel (Euronorm: C35E carbon steel and
US specification: SAE 1035) of chemical composition (wt%) of 0.370 % C,
0.230 % Si, 0.680 % Mn, 0.016 % S, 0.077 % Cr, 0.011 % Ti, 0.059 % Ni,
0.009 % Co, 0.160 % Cu, and the remainder iron (Fe). Before the experiments the
C38 steel samples were pre-treated by grinding with emery paper SiC (120, 600, and
1200 grade), rinsing with distilled water, degreasing by immersion in acetone in an
ultrasonic bath for 5 min, washing again with bidistilled water, and then drying at
room temperature. The acid solutions (1.0 M HCI) were prepared by dilution of
analytical reagent-grade 37 % HCl with double-distilled water. The range of
concentration of 3-bromo-2-phenylimidazol[1,2-o]pyridine was 107° M to 107> M.

Fig. 1 The molecular structure = N
of 6-bromo-3-nitroso-2-
phenylimidazol[1,2-o]pyridine N
(BNPP)
Br o
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Measurements
Weight loss measurements

Gravimetric measurements were performed after 6 h at room temperature, by use of
an analytical balance (precision £ 0.1 mg). The C38 steel specimens used were
rectangular in shape (length = 1.6 cm, width = 1.6 cm, thickness = 0.07 cm).
Gravimetric experiments were performed in a double glass cell equipped with a
thermostated cooling condenser containing 80 mL non-de-aerated test solution.
After immersion, the C38 steel specimens were withdrawn, carefully rinsed with
bidistilled water, cleaning ultrasonically in acetone, dried at room temperature, and
then weighed. Triplicate experiments were performed in each case and the mean
value of the weight loss was calculated.

Electrochemical measurements

Electrochemical experiments were conducted by use of impedance equipment
(Galvanostat/Potentiostat PGZ 100) controlled with Tacussel VoltaMaster 4 corro-
sion-analysis software. A conventional three-electrode cylindrical Pyrex glass cell
was used. The temperature was thermostatically controlled. The working electrode
was C38 steel with the surface area of 1 cm?. A saturated calomel electrode (SCE) was
used as reference. The counter electrode was a platinum plate of surface area 1 cm?.

For polarization curves, the working electrode was immersed in test solution for
30 min or until a steady-state open circuit potential (E,.,) was obtained. The
polarization curve was recorded by polarization from —800 to —200 mV/SCE with
a scan rate of 1 mV s~'. AC impedance measurements were performed in the
frequency range 100 kHz—10 mHz, with 10 points per decade, at the rest potential,
after immersion in acid for 30 min, by applying 10 mV ac voltage peak-to-peak.
Nyquist plots were obtained from these experiments. To produce the Nyquist plot,
the data points were fitted to the best semicircle, by use of a non-linear least square
fit, to give the intersections with the x-axis.

Results and discussion
Weight loss measurements

The effect of addition of BNPP at different concentrations on the corrosion of C38
steel in 1 M HCI solution was studied by measurement of weight loss at 298 K after
immersion for 6 h. From the values of the rate of corrosion in the absence (W,) and
presence (W) of inhibitor, the inhibition efficiency, Eg (%), was determined by use
of the equation:

W, — W,
Eg% =~ % 100 (1)

u

It is obvious from the Table 1 that BNPP inhibits the corrosion of C38 steel in
1 M HCI solution at all the concentrations used in this study. The rate of corrosion

@ Springer



916 A. Angjjar et al.

(W) decreased continuously with increasing additive concentration at 298 K. The
rate of corrosion of C38 steel decreased with increasing inhibitor concentration and
E (%) values for BNPP increased with increasing concentration. The maximum Eg
(%) of 90 % was achieved at 107> M.

It should be noted that organic compounds are known to yield unreliable and
irreproducible results for concentrations higher than 2 x 10> M [28-30]. For this
reason, in this present test concentrations were up to 107> M only.

Inhibition of corrosion of C38 steel by BNPP can be explained on the basis of
adsorption on the metal surface. This compound can be adsorbed on the metal
surface by interaction between the metal surface and lone pairs of electrons of
nitrogen and oxygen atoms and the m-electrons of the heterocyclic structure of the
inhibitor [31]. This process is facilitated by the presence of vacant orbitals of low
energy in iron atoms, as observed for other transition group metals [32, 33].

Polarization measurements

Polarization measurements were conducted to obtain knowledge about the kinetics
of the anodic and cathodic reactions. Polarization curves for C38 steel in 1 M HCl
solutions without and with addition of different concentrations of BNPP at 298 K
are shown in Fig. 2. The anodic and cathodic current—potential curves were
extrapolated to their intersection at a point where corrosion current density (I.o.)
and corrosion potential (E..,,) are obtained. Table 2 shows the electrochemical data
(Zeorrs Ecorr» bas and b.) obtained from Tafel plots for the C38 steel electrode in 1 M
HCI solution without and with different concentrations of BNPP. The I ., values
were used to calculate the inhibition efficiency, Ey (%) (listed in Table 2), by use of
the equation:

E% = L=F 100 2)
Iy
where I, and [; are the corrosion current densities for the C38 steel electrode in the
uninhibited and inhibited solutions, respectively.

From Fig. 2 it can be seen that with increasing BNPP concentration both anodic
and cathodic currents were inhibited. This result shows that addition of BNPP
reduces anodic dissolution and also retards the hydrogen-evolution reaction. The
Tafel lines in Fig. 2 were almost parallel when inhibitor concentration was
increased, suggesting the inhibitor acted by simple blocking of the C38 steel surface
[34]. In other words, the inhibitor reduced the surface area available for corrosion

Table 1 Corrosion data

2

obtained from measurement of Conc. (M) Weorr (mg/em® h) Eg (%)

weight loss of C38 steel in

1 M HCI containing different Blarik 1.00 -

concentrations of BNPP at 107 0.10 90.00

298 K 10°* 0.18 82.00
107° 0.23 77.00
10°° 0.29 71.00
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Fig. 2 Potentiodynamic polarisation curves for steel in 1 M HCI in the presence of different
concentrations of BNPP

Table 2 Electrochemical data for C38 steel in 1 M HCI containing different concentrations of BNPP,
and the corresponding inhibition efficiency

Conc. (M) —E o (mV/SCE) Low (MA/cm?) —b, (mV/dec) E; (%)
Blank 480 355 189 -

1073 479 39 161 89.01
107 482 74 137 79.15
1073 472 95 142 73.24
107° 463 120 188 66.19

and did not change the mechanism of either C38 steel dissolution or hydrogen
evolution.

Table 2 showed that the largest displacement of the corrosion potential (Eq)
was about 19 mV. Only when the change in E.,, is not <85 mV can it be regarded
as evidence that a compound is an anodic or cathodic-type inhibitor [35]. Therefore,
it can be understood from the E,, variation that the this compound acts as mixed-
type inhibitor, and its E} % increased with concentration. At a concentration of
10~ M, the compound had good inhibition efficiency of approximately 89 % and
acts as an excellent inhibitor of hydrochloric acid. The results indicated that the
increase in inhibitor efficiency with concentration might be attributed to formation
of a barrier film, because of adsorption of the compound on the C38 steel surface,
which prevents the acid from attacking the metal surface.

EIS measurements
Impedance measurements of the C38 steel electrode at its open circuit potential after

immersion for 0.5 h in 1 M HCI solution with and without BNPP inhibitor were
performed over the frequency range from 100 kHz to 10 mHz. Figure 3 shows the
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Nyquist plots obtained for C38 steel in 1 M HCI solution in the absence and
presence of different concentrations of BNPP. Inspection of these plots reveals that
each impedance diagram consists of a large capacitive loop at high frequency (HF)
with one capacitive time constant. As is usual in EIS studies, the HF capacitive loop
is related to the charge-transfer process occurring during metal corrosion and the
double-layer behaviour [36].

Quantitative analysis of the electrochemical impedance plots was based on a
physical model of the corrosion process with hydrogen depolarization and with
charge transfer as the controlling step. The simplest model includes charge-transfer
resistance (R,) in parallel with the capacitance (Cy) connected to the solution
resistance (R;). The equivalent circuit model used for this system is presented in
Fig. 4.

It should be noted that the solid electrode is inhomogeneous on both the
microscopic and macroscopic scale and corrosion is a uniform process with
fluctuating active and inactive domains in which anodic and cathodic reactions
occur at the corroding surface. The size and distribution of these domains depend on
the degree of surface inhomogeneity. Inhomogeneities may also arise from
adsorption phenomena, formation of porous and non-porous layers by passivation
by the coating [28, 29, 37], and frequency dispersion [38]. This explains why the
Nyquist diagrams are not perfect semicircles.

200
= 10°
e 10*
150 - s 10°
o +10°
S v Blank
E 100 -
<)
NE a ® " LI B ™
| |
' 50_ . - n | | - .
\."A.AA:AA:‘: .. -..
4 ++**++W++++ Aﬁ. ll..
o Y A\ Y
T T T l T T T T
0 50 100 150 200
Z, (Ohm.cm’)

Fig. 3 Nyquist diagrams for C38 steel electrode with and without BNPP at E_,, after immersion for
30 min

Fig. 4 The electrochemical Rg R
equivalent circuit used to fit the
impedance spectra Cal
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Investigation of the inhibition effect 919

Values of the double-layer capacitance Cy were calculated from the frequency at
which the impedance imaginary component —Zi is maximum, by use of the equation:

1
F(~Zimax) = 2nCaR, (3)

Percentage inhibition, Er, (%), was calculated from the charge-transfer resistance
obtained from Nyquist plots, by use of the equation:

/

R —R
Er(% ) = tR, " x 100 (4)
t

where R, and R, are the values of the charge-transfer resistance without and with
inhibitor, respectively.

Table 3 gives the values of the charge-transfer resistance R,, the double-layer
capacitance Cy), and the inhibition efficiency obtained from these plots. It can be
seen that the presence of BNPP enhances the values of R, and reduces Cy, values.
The decrease in Cy;, which can result from a decrease in local dielectric constant
and/or an increase in the thickness of the electric double layer [39], suggested that
the BNPP molecules function by adsorption at the metal-solution interface. Thus,
the decrease in Cg values and the increase in R, values and, consequently, inhibition
efficiency may be because of gradual replacement of water molecules (the volume
of a water molecule is 27.19 A®) by adsorption of BNPP molecules on the metal
surface, reducing the extent of the dissolution reaction [40, 41]. Results based on
impedance measurements were in good agreement with those based on weight loss
and polarization curves.

Adsorption isotherm

It is widely acknowledged that adsorption isotherms provide useful insights into the
mechanism of corrosion inhibition. The surface coverage, 6, was calculated by use
of the equation:

(5)
The surface coverage values (0) for different concentrations of the inhibitor were

obtained from weight loss measurements at 298 K. To use corrosion rate

Table 3 Electrochemical impedance data for corrosion of C38 steel in acid medium containing dif-
ferent concentrations of BNPP

Conc. (M) R, (Q cm?) Finax (Hz) Cq (uF/cm?) Er: (%)
Blank 21 89 85.19 -

1073 213 20 37.38 90.14
1074 115 25 55.39 81.74
1073 100 32 49.76 79.00
107° 63 40 63.19 66.66
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920 A. Angjjar et al.

measurements to evaluate thermodynamic data pertaining to inhibitor adsorption it
is necessary to determine empirically which adsorption isotherm best fits the surface
coverage data. We supposed that adsorption of this inhibitor followed the Langmuir
adsorption isotherm:

KC

0=——
KC+1

(6)

where K is the adsorption coefficient:

K = (é) exp (— As;ds) (7)

The best-fit straight line was obtained for the plot of C/0 versus C; the slope was
very close to 1. The strong correlation (* > 0.999) suggested that adsorption of the
inhibitor on the metal surface obeyed the Langmuir adsorption isotherm (Fig. 5).

From the intercepts of the straight lines on the C/0-axis, the K value can be
calculated. It is related to the standard free energy of adsorption AG,4s. The values
of K, slope, regression factors, and AG®,4s obtained are summarized in Table 4.

The negative values of AG,q, show that adsorption of BNPP is a spontaneous
process [6, 42] under the experimental conditions described. It is well known that
values of —AG,q; of the order of 20 kJ/mol or lower are indicative of physisorption;
values 40 kJ/mol or higher involve charge sharing or transfer from the inhibitor
molecules to the metal surface to form co-ordination type bonds [8, 43, 44].
Accordingly, the value of —AG,qs = —40.62 kJ/mol suggests chemisorption of
BNPP molecules on the C38 steel surface. In fact, because of strong adsorption of

0,0012
0,0010 A
0,0008 -

0,0006 -

C/6 (Mol/L)

0,0004 -

0,0002

0,0000 T T T T T
0,0000 0,0002 0,0004 0,0006 0,0008 0,0010 0,0012

Conc. (Mol/L)

Fig. 5 Langmuir adsorption plot for C38 steel in 1 M HCI containing different concentrations of BNPP

Table 4 Thermodynamic data for of C38 steel in 1 M HCI in the absence and presence of different
concentrations of BNPP

Slope Kags M™H R? AG,qs (KJ/Mol)

1.1 239 x 10° 0.99 —40.62
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Investigation of the inhibition effect 921

water molecules on the surface of C38 steel, it may be assumed that removal of
water molecules from the surface is accompanied by chemical interaction between
the metal surface and the adsorbate [45, 46].

Effect of temperature

To investigate the mechanism of inhibition and to calculate the activation energies
of the corrosion process, EIS measurements were obtained at different temperatures
in the absence and the presence of BNPP. Figures 6 and 7 give the Nyquist plots for
(C38 steel in the absence and presence of 107> M BNPP at different temperatures.

The corresponding data are given in Table 5. In the temperature range studied
(298-328 K) the values of R, decrease with increasing temperature both in
uninhibited and inhibited solutions and efficiency of inhibition by BNPP decreases
with increasing temperature. The R, value of C38 steel increases more rapidly with
temperature in the presence of the inhibitor; these results confirm that BNPP acts as
an efficient inhibitor in the range of temperature studied.

The activation data for the corrosion process were calculated from the Arrhenius-
type plot by use of the equation:

n(~) = — £ | joea (8)
&)™ RrT®

where E, is the apparent activation energy, A the pre-exponential factor, R the
universal gas constant, and 7 the absolute temperature.

Variation of logarithm of 1/R, for C38 steel in HCI containing 10> M BNPP
with the reciprocal of the absolute temperature is presented in Fig. 8. Straight lines
with correlation coefficients >0.98 were obtained.

Calculated values of the apparent activation energy for corrosion in the absence and
presence of BNPP are listed in the Table 6. The value of E, found for BNPP is higher

30
25 = 208K
e 308 K
20 + A 318K
«-E v 328K
S5t
©)
£
N 10 +
L EEEER
5 .--......... ..-......‘
B [ ]
A.A.A.AAA: R ® o -~
L A .
o " I3 " IA}. I-’. 1 .-..I
0 5 10 15 20 25 30

Z (Q.cm?)

Fig. 6 Nyquist diagrams for C38 steel in 1 M HCI at different temperatures
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Fig. 7 Nyquist diagrams for C38 steel in 1 M HCI + 107> M BNPP at different temperatures

Table 5 Thermodynamic data for adsorption of BNPP in 1 M HCl on C38 steel at different temperatures

Temp. (K) R (Q cm?®) Fonax (Hz) Cai (RF/em®) Eret (%)
Blank
298 21 89 85.19 -
308 13 152 80.58 -
318 10 244 65.26 -
328 5.4 588 50.15 -
BNPP
298 213 20 37.37 90.14
308 129 25 49.37 89.92
318 90 30 58.33 88.88
328 35 50 90.99 84.57

than that obtained for 1 M HCl solution. The increase in the apparent activation energy
may be interpreted on the basis of physical adsorption occurring in the first stage [47].
Szauer and Brand [48] explained that the increase in activation energy can be
attributed to an appreciable decrease in adsorption of the inhibitor on the C38 steel
surface with increasing temperature. As adsorption decreases, more desorption of
inhibitor molecules occurs because these two opposing processes are in equilibrium.
Because of increasing desorption of inhibitor molecules at higher temperatures, more
of the surface of the C38 steel comes into contact with the aggressive environment,
resulting in an increased rate of corrosion with increasing temperature [49].
An alternative formulation of Arrhenius equation is [50]:

RT _ (AS! AH?
Ve, = i =0 () exp (e ©)
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Fig. 8 Arrhenius plots for C38 steel in 1 M HCI with and without 10~ M BNPP

Table 6 Activation data E,, AH,, AS,, and AG 4 for C38 steel in 1 M HCI in the absence and presence
of 107> M BNPP

E, (kl/mol) AH, (kJ/mol) AS, (J/mol) E, — 4H, (kJ/mol)
Blank 35.13 32.54 —161.04 2.59
BNPP 46.58 43.98 —142.48 2.60

where /1 is Planck’s constant, N is Avogadro’s number, AS?is the entropy of activation
and AH;, is the enthalpy of activation. Figure 9 shows a plot of Ln (1/R,-T) against 1/T.
Straight lines are obtained with a slope of Ag: and an intercept of Ln R/Nh +AI§: from
which the values of AS: and AH;‘ are calculated; these are given in Table 6.

-7,50

-8,25

-9,00

-9,75

-10,50

In(/Rt.T)Q. em™. K)™

-11,25 +

-1 2,00 T T T T T T T T T T
3,000 3,075 3,150 3,225 3,300 3,375
1000/T(K™)

Fig. 9 Arrhenius plots for C38 steel in 1 M HCI with and without 10~> M BNPP
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Inspection of these data revealed that the thermodynamic data (AH; and AS}) for
dissolution reaction of C38 steel in 1 M HCl in the presence of inhibitor are higher
than those obtained in the absence of inhibitor. The positive sign of AH; reflects the
endothermic nature of the C38 steel dissolution process, suggesting that dissolution
of C38 steel is slow [51] in the presence of inhibitor. On comparing the values of the
entropy of activation AS} given in Table 6, it is clear that entropy of activation
decreases more negatively in the presence of BNPP than in the absence of inhibitor;
this reflects the formation of an ordered stable layer of inhibitor on the C38 steel
surface [52].

We remark that E, and AH}values vary in the same way (Table 6). This result
enables verification the known thermodynamic relationship between the E, and AH}
as shown in Table 5 [8]:

E,— AH' = RT (10)

Conclusion

The following conclusions can be drawn from this study:

e The inhibiting effect of BNPP increases with increasing inhibitor concentration
and reached a maximum at 107> M.

e Polarization study showed that the compound under investigation was mixed
type inhibitor.

e Results from weight loss, electrochemical impedance spectroscopy, and
polarisation curves were in good agreement.

e Adsorption of BNPP on the C38 steel surface from 1 M HCI followed the
Langmuir isotherm.

e The efficiency of inhibition by BNPP decreased with increasing temperature and
its addition led to a increase of the activation energy for corrosion.
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