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The inhibition performance of the 3-bromo-2-phenylimidazol[1,2- o] pyridine (BPP) on mild steel in
normal hydrochloric acid medium (1 M HCI) at 298 K was tested by weight loss, potentiodynamic
polarisation and electrochemical impedance spectroscopy (EIS) techniques. This organic compound
inhibits the acidic corrosion even at low concentration, reaching a value of inhibition efficiency up to
86% at a concentration of 10° M. The results obtained from the different corrosion evaluation
techniques are in good agreement. Polarisation curves indicate that BPP is a mixed inhibitor, affecting
both cathodic and anodic corrosion currents. Data, obtained from EIS measurements, were analyzed to
model the corrosion inhibition process through appropriate equivalent circuit model. The adsorption of
BPP on the steel surface, in 1 M HCI solution, obeys to Langmuir’s isotherm with a very high negative
value of the free energy of adsorption AG®,¢s. The effect of the temperature on the corrosion behavior
with addition of 10° M of the inhibitor was studied in the temperature range 298-328 K. Activation
energies in the presence and absence of BPP were obtained by measuring the temperature dependence
of the charge transfer resistance.
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1. INTRODUCTION

Hydrochloric acid solutions are widely used for the pickling, cleaning, descaling and etching of
mild steel [1-3]. Steel is widely used in most industries because of its low cost and availability for
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the manufacture of reaction vessels such as cooling tower reservoirs, pipelines, etc... [4]. The use of
inhibitor is one of the most practical methods to protect metals from corrosion, especially in aggressive
media [5-7]. Organic inhibitors containing nitrogen, oxygen and/or sulfur have been widely used for
steel, copper and iron [8-22]. These compounds and its derivatives are excellent corrosion inhibitors
for steel in acidic media [23-29]. The inhibiting performance of this inhibitor was evaluated by
polarization curves, weight loss and EIS. The chemical structure of the studied 3-bromo-2-
phenylimidazol[1,2- o]pyridine (BPP) derivative is given in Fig 1.

0
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Figure 1. 3-bromo-2-phenylimidazol[1,2- o] pyridine (BPP)

2. MATERIALS AND METHODS

2.1. Materials

The steel used in this study is a carbon steel (Euronorm: C35E carbon steel and US
specification: SAE 1035) with a chemical composition (in 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). The carbon steel samples were pre-treated prior to the experiments by grinding with emery paper
SiC (120, 600 and 1200); rinsed with distilled water, degreased in acetone in an ultrasonic bath
immersion for 5 min, washed again with bidistilled water and then dried at room temperature before
use. The acid solutions (1.0 M HCI) were prepared by dilution of an analytical reagent grade 37 % HCI
with double-distilled water. The concentration range of 3-bromo-2-phenylimidazol [1,2- a] pyridine
employed was 10° M to 107 M.

2.2. Measurements

2.2.1. Weight loss measurements

The gravimetric measurements were carried out at definite time interval of 6 h at room
temperature using an analytical balance (precision + 0.1 mg). The carbon steel specimens used have a
rectangular form (length = 1.6 cm, width = 1.6 cm, thickness = 0.07 cm). Gravimetric experiments
were carried out in a double glass cell equipped with a thermostated cooling condenser containing 80
mL of non-de-aerated test solution. After immersion period, the steel specimens were withdrawn,
carefully rinsed with bidistilled water, ultrasonic cleaning in acetone, dried at room temperature and
then weighted. Triplicate experiments were performed in each case and the mean value of the weight
loss was calculated.
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2.2.2. Electrochemical measurements

Electrochemical experiments were conducted using impedance equipment (Tacussel-
Radiometer PGZ 100) and controlled with Tacussel corrosion analysis software model Voltamaster 4.
A conventional three-electrode cylindrical Pyrex glass cell was used. The temperature is
thermostatically controlled. The working electrode was carbon steel with the surface area of 1 cm? A
saturated calomel electrode (SCE) was used as a reference. All potentials were given with reference to
this electrode. The counter electrode was a platinum plate of surface area of 1 cm?. A saturated calomel
electrode (SCE) was used as the reference; a platinum electrode was used as the counter-electrode. All
potentials are reported vs. SCE. All electrochemical tests have been performed in aerated solutions at
298 K.

For polarization curves, the working electrode was immersed in a test solution during 30 min
until a steady state open circuit potential (Eocp) 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 carried-out in the frequency range of 100 kHz to 10 mHz, with 10 points per decade, at the rest
potential, after 30 min of acid immersion, by applying 10 mV ac voltage peak-to-peak. Nyquist plots
were made from these experiments. The best semicircle can be fit through the data points in the
Nyquist plot using a non-linear least square fit so as to give the intersections with the x-axis.

3. RESULTS AND DISCUSSION

3.1. Polarization measurements

Potentiodynamic anodic and cathodic polarization scans were carried out at 289 K in 1 M HCI
with different concentrations of BPP. Anodic and cathodic polarization curves in the absence and in
the presence of inhibitors at different concentrations after 0.5 h of immersion and at 298 K are shown
in Figure 2.
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Figure 2. Potentiodynamic polarisation curves of C38 steel in 1M HCI in the presence of different
concentrations of BPP
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Table 1 gives the values of Kinetic corrosion parameters as the corrosion potential Ecor,
corrosion current density leor, Tafel slope be, and inhibition efficiency for the corrosion of C38 steel in
1 M HCI with different concentrations of BPP.

Table 1. Electrochemical parameters of C38 steel at various concentrations of BPP in 1M HCI and
corresponding inhibition efficiency.

Conc. -Ecorr lcorr -be P
(M) (mV/SCE) (LA/cm®) (mV/dec) (%)

Blank 536 355 150
107 485 50 187 85.91
10" 488 108 143 69.58
10” 491 130 137 63.38
10° 494 175 164 50.70

The corrosion current densities were estimated by Tafel extrapolation of the cathodic curves to
the open circuit corrosion potential. The inhibition efficiency was then calculated using the expression:

0 —
P% :% x100 (1)

corr

is the corrosion current density in uninhibited acid and 1_  is the corrosion current

corr

where 1°

corr
density in inhibited acid.

Table 1 shows that an increase in inhibitor concentration is resulted in increased inhibition
efficiency. It is evident from the results that:

o leorr Values decrease considerably in the presence of inhibitor. Thus, P (%) increases with
inhibitor concentration, reaching the values 85.91 at 10° M.

o The values of b, and E.,r remained almost unchanged on increasing the concentration
of BPP.

o In the anodic range (Figure 2), BPP influenced the anodic reactions for an overvoltage

higher than Ec. This result indicated that BPP exhibits both cathodic and anodic inhibition effects.
This suggested a mixed-type control and BPP mainly acts as a mixed-type inhibitor in 1 M HCI, the
same phenomenon has been reported by Bentiss et al. with 3,5-diphenyl-4H-1,2,4-triazole in 1 M HCI
[30].

3.2. Electrochemical impedance spectroscopy measurements

The corrosion behaviour of C38 steel, in acidic solution in the presence of BPP, was
investigated by the EIS methods at 298 K. Nyquist plots obtained for frequencies ranging from 100
kHz to 10 mHz at open circuit potential for C38 steel in 1 M HCI in the presence of various
concentrations of BPP are shown in Figure 3. The impedance diagrams obtained are not perfect
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semicircles and the difference was attributed to frequency dispersion [22]. The fact that impedance
diagrams have a semicircular appearance shows that the corrosion of steel is controlled by a charge
transfer process. The equivalent circuit model employed for this system is presented in Figure 4. The
resistance R is the resistance of the solution; R; reflects the charge transfer resistance and Cgy is the

double - layer capacitance.
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Figure 3. Nyquist diagrams for C38 steel electrode with and without BPP at Egq after 30 min of
immersion.

Figure 4. The electrochemical equivalent circuit used to fit the impedance spectra.

Values of the charge transfer resistance R; were obtained from these plots by determining the
difference in the values of impedance at low and high frequencies as suggested by Tsuru and

Haruyama [31]. Values of the double—layer capacitance Cy were calculated from the frequency at
which the impedance imaginary component -Z; is maximum using the equation:

) = S ()
b 27 Cy R,

The percent inhibition efficiency is calculated by charge transfer resistance obtained from
Nyquist plots, according to the equation:

P % :m x100 (3)

f(-Zi

t
where R, and R', are the charge transfer resistance values without and with inhibitor,

respectively.
Table 2 gives the values of the charge transfer resistance R;, double layer capacitance Cq, and

inhibition efficiency obtained from the above plots.
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Table 2. Electrochemical Impedance parameters for corrosion of steel in acid medium at various
contents of BPP.

Conc. R: frnax Cal P
(M) (Q.cm?) (Hz) (uF/cm?) (%)

Blank 21 89 8519 | -
10° 152 31 33.79 86.18
10 90 50 35.39 76.67
10” 69 50 46.15 69.56
10° 48 50 66.35 56.25

It can be seen that the presence of BPP enhances the values of R;and reduces the Cq values.
The decrease in Cg, Which can result from a decrease in local dielectric constant and / or an increase in
the thickness of the electric double layer [29], suggested that BPP molecules function by adsorption at
the metal / solution interface. Thus, the decrease in Cq values and the increase in R; values and
consequently of inhibition efficiency may be due to the gradual replacement of water molecules by the
adsorption of the inhibitor molecules on the metal surface, decreasing the extent of dissolution reaction
[32-33]. This compound can be adsorbed on the metal surface by the interaction between lone pairs of
electrons of nitrogen and brome atoms of the inhibitor and the metal surface or via interaction of BPP
with already adsorbed chloride ions [20, 34]. This process is facilitated by the presence of vacant
orbitals of low energy in iron atom, as observed in the transition group metals [10]. Ashassi-Sorkhabi
and Nabavi-Amri [35] proposed the following mechanism involving two adsorbed intermediates to
account for the retardation of Fe anodic dissolution in the presence of an inhibitor:

Fe + H,O —> Fe H,044s 4a

Fe H2Oqqs + BPP — Fe OH s+ H'+ BPP  4b
Fe HyO,4s + BPP — FeBPP a5t H20 4c
Fe OH ags __Ids Fe OHys + € 4d

Fe BPP s — FeBPP "ps + € 4e

Fe OHugs+ FEBPP s  <+—— Fe BPPys + Fe OH"  4f
Fe OH™ + H' «— Fe’* + H,0 49

Considering the inhomogeneous nature of metallic surfaces resulting from the existence of
lattice defects and dislocations, a corroding metal surface is generally characterized by multiple
adsorption sites having activation energies and heats of adsorption. Inhibitor molecules may thus be
adsorbed more readily at surface active sites having suitable adsorption enthalpies. According to the
detailed mechanism above, displacement of some adsorbed water molecules on the metal surface by
inhibitor species to yield the adsorbed intermediate FeMgqs (EQ. (6¢)) reduces the amount of the species
FeOH 45 available for the rate-determining steps and consequently retards Fe anodic dissolution [36].
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3.3 Weight loss, corrosion rates and inhibition efficiency

Values of the inhibition efficiency and corrosion rate obtained from the weight loss
measurements of C38 steel for different concentrations of BPP in 1 M HCI at 298 K after 6 h of
immersion are given in Table 3. The inhibition efficiency is defined as follows:

P%:MX]_OO (5)

corr

where W._ and W.

corr corr

are the corrosion rates of steel due to the dissolution in 1 M HCI in the

absence and the presence of definite concentration of inhibitor, respectively.

Table 3. Effect of BPP concentration on corrosion data of carbon steel in 1 M HCI.

Blank 1.00
10° 0.14 86.00
10* 0.26 74.00
10” 0.35 65.00
10° 0.38 62.00

It is obvious from the Table 1 that the BPP inhibit the corrosion of C38 steel in 1 M HCI
solution at all concentrations used in this study and the corrosion rate (W) is seen to decrease
continuously with increasing additive concentration at 289K. Indeed, corrosion rate values of C38 steel
decrease when the inhibitor concentration increases while P(%) values of BPP increase with the
increase of the concentration, the maximum P(%) of 86 % is achieved at 10° M.

3.4. Adsorption isotherm

The inhibitor efficiency depends on the type and number of active sites at metal surface, the
charge density, the molecular size of the inhibitor, the metal—inhibitor interaction, and the metallic
complex formation. The adsorption isotherm can give information on the metal—inhibitor interaction
[28]. The adsorption isotherm can be derived from the curve surface coverage against inhibitor
concentration. Surface coverage was estimated as Eq. 5. The 6 values for different inhibitor
concentrations are tested by fitting to various isotherms. By far the best fit was obtained with the

Langmiur isotherm. According to this isotherm 0 is related to concentration inhibitor C via :

cC 1

_~.iC 6
0 KJr ©)
. 1 e (_AGOads
55,5 RT

where K is the adsorptive equilibrium constant and AG®,4s the free energy of adsorption.

with K

) (7)
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Figure 5. Plots of Langmuir adsorption isotherm of BPP on the steel surface at 298K.

It was found that figure 5 (plot of %versus C) gives straight line. The obtained results indicate

that the adsorption of compound under consideration on C38 steel/acidic solution interface follows the
Langmuir adsorption isotherm. The obtained results are given in table 4.

Table 4. The thermodynamic parameters for of carbon steel in 1 M HCI in the absence and presence of
different concentrations of BPP

BPP 1.1 1.32 x10 0.999 -39.14

Inspection of the data of the table 4 shows the following adsorption characteristics of BPP in 1
M HCI :

o A value of slope is nearly to the unity indicating that each molecule of the inhibitor is
attached to one active site of the steel surface.

o The factor regression is equal to 0.999 which confirms the application of the Langmuir
model

o The negative value AG,qs show that the adsorption of BPP is a spontaneous process

under the experimental conditions described and also the strong interaction between inhibitor
molecules and the metal surface [20, 37-39]. It generally accepted that the values of AGags up to -20 kJ
/mol, the types of adsorption were regarded as physisorption, the inhibition acts due to the electrostatic
interactions between the charged molecules and the charged metal, while the values around -40 kJ/mol
or smaller, were seen as chemisorption, which is due to the charge sharing or a transfer from the
inhibitor molecules to the metal surface to form a covalent bond [40-41]. The values of AG,gs in our
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case is 39.14 kJ/mol, it is suggested that the adsorption of this imidazole derivative involves the
chemisorption interaction.

3.5. Effect of temperature on corrosion of C38 steel

To investigate the mechanism of inhibition and to calculate the activation energies of the
corrosion process, EIS measurements were taken at various temperatures in the absence and the
presence of the optimal concentration ( Figures 6 and 7). Corresponding data are given in table 5.
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Figure 6. Nyquist diagrams for C38 steel in 1 M HCI at different temperatures.
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Figure 7. Nyquist diagrams for C38 steel in 1 M HCI + 10 M of BPP at different temperatures.

Corresponding data are given in Table 5. In the studied temperature range (298-328 K) the
values of R decreases with increasing temperature both in uninhibited and inhibited solutions and the
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values of the inhibition efficiency of BPP decrease slightly with increasing temperature. The R; value
of C38 steel increases more rapidly with temperature in the presence of the inhibitor, these results

confirm that BPP acts as an efficient inhibitor in the range of temperature studied.

Table 4. Thermodynamic parameters for the adsorption of BPP at 10° M in 1 M HCI on the C38 steel

at different temperatures.

Inhibitor Temp (K) Ret (Q.cm?) | foax(Hz) | Cai(uF/em?) | Egret (%)

Blank 298 21 89 85.19
308 13 152 80.58
318 10 244 65.26
328 5 588 50.15

BPP 298 152 31 33.79 86.18
308 89 25 71.56 85.39
318 67 30 79.22 85.07
328 35 50 90.99 84.57

The activation parameters for the corrosion process were calculated from Arrhenius type plot

according to the following equation:
Iniz— E, +log A
R, RT
where Ej, is the apparent activation energy, A the pre-exponential factor, R the universal gas
constant and T the absolute temperature.
The variations of In1/R; in 1 M HCI containing various concentrations of BPP used with
reciprocal of the absolute temperature are presented in figure 8. Straight lines with coefficients of

correlation (c. c) higher to 0.98 are obtained.

(8)
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Figure 8. Arrhenius plots of steel in 1 M HCI with and without 10 mol/l of BPP
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The adsorption phenomenon has been successfully explained by thermodynamic parameter, to
further elucidate the inhibition properties of inhibitor, the kinetic model was another useful tool to
explain the mechanism of corrosion inhibition for the inhibitor. The activation parameters for the
corrosion process were calculated from Arrhenius equation:

_RT As;“e AH )
%%_th'o R 7P Rt

where h is Planck’s constant, N A Avogadro’s number, R the universal gas constant, AH; the

enthalpy of the activation and AS, is the entropy of activation.

Fig. 9 showed the plot of In(1/R;T) against 1/T. Straight lines were obtained with a slope of
(AH, /R) and an intercept of (IN(R/N A h) + (AS; /R)) from which the values of AH, and AS_ were
calculated and listed in Table 4.

From Table 5, it seemed that Ea and AH_ varied in the same fashion. The values of Ea were
higher for the inhibited solutions than that for the uninhibited solutions. According to Eq. (8), both Ea
and A might affect the steel corrosion rate at a certain temperature. The influence of Ea on the steel
corrosion was bigger than that of A on the steel corrosion. However, if the variance of A was
drastically bigger than that of E,, in this case the reduction of A (Table 4) was a decisive factor
affecting the corrosion rate of C38 steel in 1 M HCI.
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Figure 9. Arrhenius plots of steel in 1 M HCI with and without 10 M of BPP

The positive signs of AH, reflected the endothermic nature of the C38 steel dissolution
process. The value of AS; is lower for inhibited solution than that for the uninhibited solution. This

suggested that a decrease in randomness occurred on going from reactants to the activated complex.
This might be the results of the adsorption of organic inhibitor molecules from the acidic solution
could be regarded as a quasi-substitution process between the organic compound in the aqueous phase
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and water molecules at electrode surface. Otherwise was noticed by Tao et al. in the study of inhibition
mild steel by oxo-triazole derivatives where they attributed the phenomenon to the increase in the
entropy of activation to the increasing in solvent entropy [42].

Moreover one remark that the AH_ values obtained from the slopes of plots log (1/R..T) versus

f(1/T) and those determined from Eq. (10) are in good agreement.
AH,=E,-RT (10)

Table 5. The value of activation parameters E,, A, AH,,AS,; and AGgqs for steel in 1M HCI in the
absence and presence of 10° M of BPP.

Blank 35.13 6.5x 10 32.54 -161.04 32.65
BPP 38.01 3.0 x 10° 35.41 -167.79 35.53

4. CONCLUSIONS

The studied 3-bromo-2-phenylimidazol[1,2- a] pyridine (BPP) shows excellent inhibition
properties for the corrosion of C38 steel in 1 M HCI at 298 K, and the inhibition efficiency increases
with increasing of the BPP concentration. The inhibitor efficiencies determined

by weight loss, Tafel polarisation and EIS methods are in reasonable agreement. Based on the
polarisation results, the investigated BPP can be classified as mixed inhibitor. The EIS spec-

tra are described well by a relatively simple structural model having only one time constant.
The calculated structural parameters show increase of the obtained R; values and decrease of the
capacitance, Cgq , with BPP concentration increase. It is suggested to attribute this to the increase of the
thickness of the adsorption layer at steel surface. The adsorption model obeys to the Langmuir
adsorption isotherm and the negative value of the AG®,qs indicates that the adsorption of the BPP
molecules is a spontaneous process. The high negative value of AG®,qs suggests that the inhibitive
effect of BPP is due to the formation of a chemisorbed film on the metallic surface. The
thermodynamic results confirm the chemisorptive nature of the BPP adsorption on the C38 steel.
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