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Abstract

The corrosion inhibition properties of 1-(2-ethoxy-2-oxoethyl) pyridazinium chloride (EOPC) on carbon steel (CS) in
sulfuric acid (0.5 M H,SO,) solution has been examined and characterized by weight loss, potentiodynamic polarization
and electrochemical impedance spectroscopy (EIS) measurements. The experimental results reveal that the compound has a
good inhibiting effect on the metal tested in 0.5M H,SO, solution. The inhibition efficiency for this compound studied
increased with the increase in the inhibitor concentrations to attain 91.67 % at the 10° M of EOPC. Polarization curves
showed that EOPC acted as a mixed-type inhibitor in sulfuric acid. EIS results show that the change in the impedance
parameters (R; and Cgy) with concentration of EOPC is indicative of the adsorption of molecules leading to the formation of
a protective layer on the surface of carbon steel. 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, and the thermodynamic parameters were
determined and discussed. The adsorption of this compound on CS surface obeys Langmuir's adsorption isotherm.

Keywords: Carbon steel ; EIS ; Polarisation ; Pyridazinium ; Adsorption.

1. Introduction

Corrosion is one of the major problems in several technical installations involving metals and alloys today
hence, prevention mechanism for corrosion of metals is of paramount important to increase their lifespan
especially those in aggressive environments. The corrosion of metallic materials in acidic solution causes
considerable loss. In order to reduce the corrosion of metals several techniques have been adopted. The use of
corrosion inhibitors constitutes one of the most economical ways to mitigate the corrosion rate, preserve
industrial facilities and protect metal surfaces against corrosion in acidic media [1-10]. Acid solutions are
commonly used for removal of undesirable scale and rust in metal finishing industries, cleaning of boilers and
heat exchangers. Sulfuric acid is generally the superior choice over the other mineral acids for steel surface
treatment basically due to its lower cost, minimal fumes and non-corrosive nature of the S0,% ion [11-12]. The
development of corrosion inhibitors is based on organic compounds containing nitrogen, oxygen, sulphur atoms,
and multiple bonds in the molecules that facilitate adsorption on the metal surface [13-21]. In general, the
adsorption of an inhibitor on a metal surface depends on the nature and the surface charge of the metal, the
adsorption mode, its chemical structure and the type of electrolyte solution [22-28]. The inhibition efficiency
should increase in the order O<N<S<P [26]. In our laboratory, many studies have been published on the use of
natural products as corrosion inhibitors in acidic media [29-40], but little work appears to have been done on the
corrosion inhibition of steel alloys in sulphuric acid using pyridazinium derivatives. The aim of the present
study was to examine the inhibitive action of a new pyridazinium—based ionic liquid compound, namely 1-(2-
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ethoxy-2-oxoethyl) pyridazinium chloride (EOPC) on the behavior of carbon steel corrosion in 0.5 M sulfuric
acid solution. The chemical structures of the studied pyridazinum ionic liquids are given in Figure 1.

Figure 1: The chemical structure of EOPC

2. Materials and methods

2.1. Material preparation and solutions

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 aggressive solution 0.5 M sulfuric acid was prepared by dilution
of an Analytical Grade 98% H,SO, with double distilled water. All experiments were carried out in 0.5 M H,SO, solution
in the absence and presence of different concentrations of EOPC.

2.2. Gravimetric analysis

Gravimetric measurements were carried out in a double walled glass cell equipped with a thermostat cooling condenser.
The CS specimens used have a rectangular form (2 x 2 x 0.08 cm®). The duration of tests was 6 h at 298 K in 0.5 M H,SO,
solution containing different concentrations of EOPC. The specimens were abraded with a series of emery paper (grade
800-1200) and then washed thoroughly with ethanol and double distilled water. After weighing precisely, the specimens
were immersed in beakers which contained 80 ml acid solutions with different concentrations of EOPC at a certain
temperature maintained by a water thermostat. All the aggressive acid solutions were open to air. After 6 h the specimens
were taken out, washed, dried, and weighed exactly.

2.3. Electrochemical measurements

2. 3.1. Potentiodynamic polarization

The electrochemical measurements were carried out using Volta lab (PGZ 100) potentiostate and controlled by software
model (Voltamaster 4) at under static condition. The corrosion cell used had three electrodes. The reference electrode was a
saturated calomel electrode (SCE). A platinum electrode was used as auxiliary electrode. The working electrode was
carbon steel (CS). All potentials given in this study were referred to this reference electrode. The working electrode was
immersed in test solution for 30 minutes to a establish steady state open circuit potential (Eqcp). After measuring the Ep,
the electrochemical measurements were performed. All electrochemical tests have been performed in aerated solutions at
298 K. The electrochemical behaviour of CS sample in inhibited and uninhibited solution was studied by recording anodic
and cathodic potentiodynamic polarization curves. Measurements were performed in the 0.5M H,SO, solution containing
different concentrations of the tested inhibitor by changing the electrode potential automatically from -800 mV to -200 mV
versus corrosion potential at a scan rate of 1 mV. s™. The linear Tafel segments of anodic and cathodic curves were
extrapolated to corrosion potential to obtain corrosion current densities (Iorr).

2.3.2. Electrochemical impedance spectroscopy (EIS)

The EIS experiments were conducted in the frequency range with high limit of 100 kHz and different low limit 0.1 Hz at
open circuit potential, 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. Weight loss tests

The corrosion rate (W) of tested metal in 0.5 M H,SO, solution at different concentrations of EOPC was
determined after 6 h of immersion time at 298 K. The obtained values of the gravimetric corrosion rates (Wgorr)
and the inhibition efficiency (E,, %) are represented in Tablel. The inhibition efficiency corrosion in the case of
this method was calculated from the following equation:

EW(%):MXNO 1)

corr
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where W, and W', are the corrosion rate of CS in 0.5 M H,SO, in absence and presence of inhibitor,
respectively.

Table 1. Effect of EOPC concentration on corrosion data of CS in 0.5 M H,SO.,.

Conc (M) Weorr (Mg. cM2) Ew (%)
Blank 1.011
10°® 0.091 90.99
10 0.154 84.77
10° 0.212 79.03
10°° 0.301 70.23

Results obtained from gravimetric measurements show for inhibitor tested that the corrosion rate values
decrease when the concentration of EOPC increases. The analysis of Table 1 show that protection efficiency
increased with increasing concentration of inhibitor studied. We noted that EOPC used in this study showed
very excellent corrosion inhibitor for CS in 0.5 M H,SO,, especially for low concentration (70.23 % for 10°).
The best action is attained in the presence of 10°M of EOPC.

3.2. Polarization results

The potentiodynamic polarization curves of CS performed in 0.5 M H,SO, in the absence and the presence
of different concentrations of EOPC at 298 K are presented in Figure 2. The values of electrochemical
parameters associated with polarization measurements, such as corrosion potential (Ecy), COrrosion currents
densities (leorr) and cathodic Tafel slope (B.) are listed in Table 2.
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Figure 2. Potentiodynamic polarisation curves of CS in 0.5 M H,SO, in the presence of different concentrations of
EOPC.

The inhibition efficiency E, (%) is calculated from the values of I, with the relation:
I - I
E, (%) = =C—=T %100 (2)
corr

Where Il and I’ are uninhibited and inhibited corrosion current densities, respectively.

It is clear from the Figure 2, that both anodic metal dissolution and cathodic hydrogen reduction reactions were
inhibited when the EOPC inhibitor was added to 0.5 M H,SQO,. The corrosion potential is almost unchanged.
The corrosion current density as well as corrosion rate of CS considerably reduced in the presence of the
inhibitor.
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Table 2. Electrochemical parameters of CS at various concentrations of EOPC in 0.5 M H,SO, and
corresponding inhibition efficiency.

Conc. (M) Eeor (MVISCE) | oo (WAIG?) | -, (mV/dec) o

Blank 478 1860 190
107 486 163 188 91.24
10" 492 258 215 86.13
10° 489 367 185 80.27
10° 481 491 204 73.60

The results are indicative of the adsorption of inhibitor molecules on the CS surface. The inhibition of both
anodic and cathodic reactions is more marked with the increasing inhibitor concentration while the corrosion
potential nearly remained the same in comparison with corrosion potential observed in blank solution. These
results indicate that the EOPC is a mixed-type inhibitor for the corrosion of CS in 0.5 M H,SO, [41]. The
inspection of results in Table 2 indicate that EOPC inhibits the corrosion process in the studied range of
concentrations and E; (%) increases with these later, reaching its maximum value, 91.24%, at 10° M.

3.3. Electrochemical impedance spectroscopy measurements

The corrosion behavior of CS in 0.5 M H,S0O, solution in the absence and presence of different concentrations
of EOPC was investigated by the EIS method at 298K after 30 min of immersion. Fig. 3 shows the Nyquist plot
for CSin 0.5 M H,SO, solution in the absence and presence of different concentrations of investigated inhibitor.
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Figure 3. Nyquist plots of CS in 0.5 M H,SO, without and with different concentration of EOPC at 298K.

The charge-transfer resistance values (R.;) were calculated from the difference in impedance at lower and higher
frequencies as suggested by Tsuru et al. [42]. The double-layer capacitance (Cq4) and the frequency at which the
imaginary component of the impedance is maximal(-Z,x) are found as represented in equation:

where W = 2.70.fax

©)
with Cq: Double layer capacitance (UF.cm™); fra: maximum frequency (Hz) and Ry Charge transfer
resistance (Q.Cm™).

The inhibition efficiency got from the charge transfer resistance is calculated by:
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Er(%) = "= x100 @)

ct
where Ry and R’ are the charge transfer resistances in inhibited and uninhibited solutions respectively.

The values of charge transfer resistance R, double layer capacitance Cg and inhibition efficiency Eg,
for the corrosion of CS in 0.5 M H,SO, with different concentration of inhibitors are listed in Table 2. The
presence of inhibitors concentration enhance the values of R and reduces the Cy may be due to the adsorption
of inhibitors to form an adherent film on the metal surface and suggests that the coverage of the metal surface
with this film increases the double layer thickness [43]. The value of the inhibition efficiency Egr(%)for the
corrosion of CS in 0.5 M H,SO, increase with increasing of the inhibitor concentration.

These EIS measurements were in good agreement with the corrosion weight loss and polarization curves.

Table 2 Electrochemical Impedance parameters for corrosion of steel in acid medium at various concentration of
Pyridazinium.

Conc. (M) R; (Q.cm?) Ca (UF.cm?) Er (%)
Blank 10 221.16
10° 125 31.85 91.67
10" 74 28.69 86.49
10° 54 29.49 81.48
10°® 34 31.22 70.58

3.4. Effect of temperature

Temperature can modify the interaction between the CS electrode and the acidic medium in the absence and the
presence of inhibitors. To assess the influence of temperature on corrosion and corrosion inhibition processes,
polarization tests were carried out at various temperatures (298-328 K) in the absence and presence of 10°M of
EOPC, as shown in Figures 4 and 5.

0.1+
0.1
0.01 4
0.01
b,lg é-E:\' 1E-3 o
3 1E34 N
< L 1E44
~ 3
g g
3 1E-4 4 ~ g5
1E-5 o 1E-6 o
1E-7 T T T T T T T
186 T T T T T T T 0.8 0.7 06 05 0.4 03 0.2
038 0.7 -0.6 05 0.4 03 0.2 E(V/SCE)
E(V/SCE)

Figure 4. Polarisation curves of CS in 0.5 M H,SO, at Figure 5. Polarisation curves of CS in 0.5 M H,SO, in the
different temperature. presence of 10 M of EOPC at different temperatures

Electrochemical parameters such as corrosion current density (lcorr), corrosion potential (E.r), cathodic Tafel
slope (B.), and the inhibition efficiency (E, %) were determined by Tafel extrapolation method and are given in
Table 3. These values were calculated from the intersection of the anodic and cathodic Tafel lines of the
polarisation curve at E; .

Examination of Table 3 revealed that an increase in temperature increases | ., While the addition of EOPC
decreases the Iy Values across the temperature range. The results also indicate that the inhibition efficiencies
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decreased proportionally with temperature. This can be explained by the decrease of the strength of adsorption
processes at elevated temperature and suggested a physical adsorption mode.

Table 3. Effect of temperature on the steel corrosion in the absence and presence of EOPC at different concentrations.

Temp. (K) Ecorr (MV/SCE) leorr (WA/CM?) Bc (mV/dec) | E, (%)
298 -478 1860 -190
308 -483 2754 -151
Blank
318 -493 3036 -126
328 -497 4511 -104
298 486 163 188 91.23
308 -460 281 218 89.79
EOPC 318 446 582 276 80.83
328 -441 1385 283 69.29

The values of activation energy E,, activation enthalpy AH, and activation entropy were estimated using
Arrhenius equation and transition state equation) [29, 40]:

—E,
ICorr =A exp( RT ) (5)

RT AS, - AHy
lorr = Nh exp (T) eXpif@— RT ) (6)

Where A is the Arrhenius factor, R is the perfect gas constant, N is Avogadro’s number , h is Plank’s constant,
AS, and AH, the entropy and enthalpy of activation, respectively.

Plots of In (Ier) vs. 1000/T and In (I /T) vs. 1000/T gave straight lines with slopes of (-E./R) and (-AH./R),
respectively. The intercepts were A and (In R/Nh + AS./R) for the Arrhenius and transition state equations,
respectively. Figs. 6 and 7 represent the data plots of In(l¢or) vs. 1000/T and In (leor/T) vs. 1000/T in the absence
and presence of 10°M of EOPC.
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Figure 6. Arrhenius plots of steel in 0.5 M H,SO, with  Figure 7. Relation between In(leo/T) and 1000/T in
and without 10°M of EOPC acid at different temperatures.

The calculated values of E,, AH, and AS, are tabulated in Table 4. The data listed in this Table show that value
of E, found for EOPC is higher than that obtained for 0.5 M H,SO, solution and consequently the rate of
corrosion decreases.
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Table 4. The values of activation parameters for CS in 0.5 M H,SO, in the absence and the presence of 10°M of EOPC.

Conc. (M) E. (kJ/mol) AH, (kJ/mol) AS; (J/mol. K) E,-AHa (KJ/mol)
Blank 0 22.37 19.77 -115.71 2.60
EOPC 10° 57.85 55.25 -17.89 2.60

The increase in the apparent activation energy may be interpreted on the basis of physical adsorption occurring
in the first stage [44]. On the other hand, the positive sign of AH, shows that the corrosion process of CS is an
endothermic phenomenon signifying that its dissolution is slow in the presence of EOPC [45]. 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 EOPC than in the absence of inhibitor; this reflects the formation of an ordered
stable layer of inhibitor on the CS surface [46].

3.5. Adsorption isotherm

The mechanism of the interaction between inhibitor and the electrode surface can be explained using adsorption
isotherms. Several adsorption isotherms were tested and the Langmuir adsorption isotherm was found to provide
best description of the adsorption behavior of the investigated inhibitor. The Langmuir isotherm is given by the
equation [47]:

Conn _ 1
=t =+ Cinn (7)

i = 1 agpipiACads
with K = s expiit 7
Where Ciy, is the concentration of inhibitor, K the adsorptive equilibrium constant, AG, is the standard free
energy of adsorption reaction, R is the universal gas constant, T is the absolute temperature in Kelvin, 0 is the
fraction of the surface covered calculated as follows
0 = E(%)/100 and the value of 55.5 is the concentration of water in the solution in mol/L. Fig. 8 shows the

dependence of the ratio C;,/0 as function of C;y,. Linear plot is obtained with slope and correlation coefficient
close to 1.
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Figure 8. Langmuir adsorption plot of CS in 0.5 M H,SO, solution containing various concentrations of EOPC.
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The equilibrium adsorption constant obtained from this isotherm are about 3x10°> M™. This is in good agreement
with values of inhibition efficiency obtained from the electrochemical and weight loss measurements. Moreover,
the largest negative values of AG,y = -41.20 kiJ/mol indicate that this inhibitor is strongly and spontaneous
adsorbed onto the mild steel surface. We can note that a plausible mechanism of corrosion inhibition of carbon
steel in 0.5 M H,SO, by the compound under study may be deduced on the basis of adsorption. In acidic
solutions, this inhibitor exist as cationic species which may be adsorbed on the cathodic sites of the mild steel
and reduce the evolution of hydrogen [15]. The protonated inhibitor can also be adsorbed on the metal surface
on specifically adsorbed chloride ions [48-49], which act as a bridge between the metal surface and the
electrolyte. Moreover, the adsorption of this compound on anodic sites through lone pairs of electrons of
nitrogen and oxygen atoms and through m-electrons of ¢==0 and pyridazinium group will then reduce the
anodic dissolution of carbon steel. Generally, the standard free energy values of =20 kJ mol* or less negative
are associated with an electrostatic interaction between charged molecules and charged metal surface (physical
adsorption); those of —40 kJ mol* or more negative involves charge sharing or transfer from the inhibitor
molecules to the metal surface to form a co-ordinate covalent bond (chemical adsorption) [50]. The calculated
standard free energy of adsorption value is closer to —40 kJ mol ', Therefore, it can be concluded that the
adsorption is more chemical than physical adsorption [51].

Conclusion

From the principal result of the present work we can conclude that:

The pyridazinium derivative (EOPC) was found to perform in 0.5 M H,SO,.

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

The inhibition efficiency of the EOPC increased with the concentration and reached 91.67 % at 10°M.

The weight loss, polarization curves and electrochemical impedance spectroscopy were in good

agreement.

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

e Adsorption of the inhibitor on the carbon steel surface from 0.5 M H,SO, followed the Langmuir
isotherm.
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