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The inhibitive effect of 1-benzylpyridazin-1-ium bromide ionic liquid (MS20) on the corrosion of
carbon steel in molar HCI has been investigated by means of weight loss measurements, kinetics and
thermodynamics studies. A marked decrease of the corrosion rate (CR) was observed with increasing
MS20 concentration. An effective inhibition with ca. 91.3% efficiency (IE%) was reached at 1 mM
inhibitor concentration. The effect of temperature showed an increasing (IE%) with increasing
temperature reaching a peak value of ca. 97.5% at 343 K. Results clearly revealed that MS20 inhibition
activity proceeds via a chemisorption leading to the formation of a very strongly-adsorbed protective
layer that blocks both the anodic and cathodic sites of carbon steel which synergistically hindered both
the hydrogen evolution reaction and the carbon steel surface dissolution. The adsorption of MS20 onto
the carbon steel surface followed a Langmuir isotherm.
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1. INTRODUCTION

Protection against corrosion, the electrochemical destruction of metallic structures occurring
through gradual anodic dissolution, represents a vital concern for many industries. This phenomena is
typically favored on less noble metals (mainly iron, aluminum, copper, zinc, magnesium and their
alloys) when exposed to corrosive environment such as acids. Hydrochloric acid is widely used in
removing scale and salts from steel surfaces, cleaning tanks and pipelines and steel alloys [1].

Over the years, tremendous efforts have been deployed aiming at finding suitable organic and
inorganic corrosion inhibitors in various corrosive media [2-8]. Most effective are organic compounds
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containing functional groups that incorporate sulfur, oxygen, nitrogen, phosphorous, aromatic rings
and n-electrons in theirs structures [9-12].

It has been proven that several factors contribute to the driving force of the inhibitory action of
such compounds e.g. types of functional groups, number and type of adsorption sites, charge
distribution, molecular structure, molecular size and molecular mass [13, 14].

Nitrogen-containing compounds constitute one of the most widely investigated type of
corrosion inhibitors. This includes: azoles [15-22], substituted aniline-N-salicylidenes [23], amides
[24], quaternary ammonium salts [25-32], polyamino-benzoquinone polymers [33], cationic
surfactants[34, 35], and heterocyclic compounds [36, 37]. It was shown that nitrogen atom’s strong
adsorption onto the metal surface induces the formation of a protective layer resulting in increasing
corrosion inhibition with increasing concentration which in some cases reaches 99% efficiency [27, 38,
39]. Accordingly, nitrogen-containing compounds, especially heterocyclic ones, are considered as
effective corrosion inhibitors. Other authors worked on sulfur-containing inhibitors [26-31].

On the other hand, and despite the very interesting properties of ionic liquids (ILs) [40-51] and
their wide range of applications [52-56], these eco-friendly compounds have received little interest as
corrosion inhibitors. It has been reported that some ILs based on imidazolium, pyridinium and
pyridazinium exhibited corrosion inhibition properties for the corrosion of various metals [57-67].

The present work aims at investigating the corrosion inhibition of carbon steel in 1 M HCI
solution by means of a pyridazinium-based ionic liquid, namely the (1-benzylpyridazin-1-ium
bromide). The effect of IL concentration on the corrosion inhibition efficiency (IE%) will be
examined.

The effect of temperature on (IE%) will be investigated as well, leading to the understanding of
the inhibition process kinetics and thermodynamics. Explanations concerning the mode of inhibition
will be formulated accordingly.

2. EXPERIMENTAL

2.1. Chemicals, materials and equipments:

Scheme 1. Structure of 1-benzylpyridazin-1-ium bromide (MS20)
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Microwave-assisted synthesis and characterization of various imidazolium-based, piridinium-
based and pyridazinium-based ionic liquids (ILs) was reported in details by M. Messali et al. [64, 65,
68-70]. The structure of the investigated (IL) in the current work, namely the (1-benzylpyridazin-1-ium
bromide) is shown in scheme 1. In the following text, this compound will be denoted as (MS20) for
simplicity.

The aggressive corrosion media (i.e. molar HCI solution) was prepared by diluting the
necessary volume of a stock concentrated hydrochloric acid solution (Fisher Scientific Ltd.). The
necessary amount of the investigated MS20 was dissolved in the same media in order to prepare
concentrations in the range 10 to 10° mol. L™. Ethanol (99.8%, Sigma-Aldrich) and Acetone (99.5%,
Panreac) were used for the cleaning of carbon steel specimen. Carbon steel of 0.5 mm thikness
(purchased from Sami Belal Est., Al-Madinah Al-Munawarah) was precisely cut into (2.5 cm x 3.0
cm) specimens.

The working temperature was controlled by means a water bath (GFL-1031, Gesellschaft
Labortechnik, Germany). Precise weighing of studied specimens was made using a digital analytical
semi-micro balance (GR-202, A&D Co. Ltd., Japan).

2.2. Weight loss measurements:

The carbon steel specimens were electrochemically cleaned, then degreased and polished to a
mirror-like finish. The cut sheets of ca. 15 cm? surface area were thoroughly cleaned with distilled
water, dried with ethanol and stored in desiccators till the experiments. The volume of the corrosion
solution (with and without MS20) was kept constant at ca. 50 mL. The immersion time was chosen to
be 5 hours and all experiments were carried out at room temperature (constantly maintained at ca.
296 K £ 1 K) unless otherwise specified. At the end of each experiment, the carbon steel specimen was
washed with a copious amount of distilled water then with acetone to ensure the removal of all
corrosion products and finally cleaned and dried with ethanol before weighing.

All experiments were duplicated to ensure reproducibility and the mean values are reported in
the current work.

2.3. Kinetics and Thermodynamics:

For these studies, the effect of temperature on various corrosion parameters was studied in the
range 296-343 K. Further details will be discussed in coming sections.

3. RESULTS AND DISCUSSION

3.1.Gravimetric study:

The gravimetric study allows the calculation of several corrosion parameters [67, 68, 71] by
means of the mathematical relationships given below. The corrosion rate (CR) of carbon steel
investigated in this study was calculated using the following equation:
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Am
CR= o Q)
Am is the weight loss (miy—my) in mg with m; and m; being the initial and final masses of the
carbon steel specimen, before and after corrosion tests, respectively. A (cm?) is the exposed surface
area of the specimen and t (h) is its immersion time in the investigated solution. The corrosion rate

(CR) is therefore measured in (mg.cm™?.h™)
The inhibition efficiency (IE%) can therefore be defined by the equation:

cr- CR‘

IE% = [1- ] X 100 ()

R° and CR' are the corrosion rates in the absence and presence of inhibitor, respectively.

From the measurements of the inhibition efficiency, the fractional surface coverage (0) can be

determined as per the equation:

IE%

0= )

100

The obtained data at room temperature (i.e. 296 K) is tabulated in table 1 for inhibitor
concentrations ranging from “blank” to 10 M. A very clear concentration dependence of the
corrosion rate (CR) (and therefore inhibition efficiency (IE%) and fractional surface coverage () ) is
depicted.

Table 1. Gravimetric results for the corrosion parameters of carbon steel corrosion in 1 M HCI with
various concentrations of MS20 obtained at 296 K.

[MS20] (mol.L™) CR (mg.cm™?.h™)

Blank 0199 e e
10° 0.170 14.7 0.417
107 0.107 46.2 0.462
10 0.038 80.9 0.809
10° 0.017 91.3 0.913

The inhibition efficiency reaches a maximum value of ca. 91.3 % in the presence of 10° M
MS20 showing the effectiveness of the latter as a corrosion inhibitor for carbon steel in the present
work conditions. This is better visualized in figure 1 that shows the significant decrease in the
corrosion rate (CR) upon addition of MS20 to the aggressive corrosion solution to reach a minimum
value when as less as 1 mM MS20 concentration is attained.

This tremendous change in the corrosion rate values had a very strong impact on the inhibition
efficiency, which in its turn increases with increasing MS20 concentrations as depicted from table 1
and plotted in figure 2 reaching the highest value of ca. 91.3 % at an MS20 concentration of 10° M.
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A plausible explanation of these results is that the increasing inhibitor’s concentrations reduces
the carbon steel exposed surface to the corrosion media through the increasing number of adsorbed
molecules on its surface which hinders the direct acid attack on the metal surface [72]. Unveiling the
nature of this adsorption phenomenon is necessary to understand the inhibition mechanism of the
investigated MS20 compound.
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Figure 1. Variation of the corrosion rate (CR) of carbon steel with the concentration of MS20 in 1 M

HCI at 296 K.
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Figure 2. Variation of the inhibition efficiency (IE%) of carbon steel corrosion with the concentration
of MS20 in 1 M HCI at 296 K.
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3.2.Kinetics and thermodynamics:

The kinetics of the corrosion rate of carbon steel as a function of MS20 concentration might be
assumed to obey the following equation [73]:

log CR =log k + B log [MS20] 4)

with k being the rate constant (mg. cm™. h™) and B is the reaction constant which is a measure
of the inhibitor efficiency in this case.

A plot of Log CR against log [MS20] based on the data given in table 2 is displayed in figure 3.
The resulting graph has a good linearity (R? = 0.981) showing that the kinetic parameters can indeed
be calculated using equation (2). The values of B (calculated from the slope of the graph) and k
(derived from the y-intercept) are given in table 3 as well.

Table 2. Kinetic parameters of carbon steel corrosion in 1 M HCI with various concentrations of MS20
obtained at 296 K.

log[MS20] = -------- —6 -5 —4 -3

CR (mg.cm™h™) 0.199 0.170 0.107 0.038 0.017
Log CR —0.701 —0.770 —0.971 —1.420 ~1.770
B —0.345

k (mg.cm®h™)  1.64x10°°
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Figure 3. Variation of log CR with log [MS20] for carbon steel corrosion in 1 M HCI at 296 K.
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It is noteworthy that the negative sign of the reaction constant reflect the inverse
proportionality of the corrosion rate to the inhibitor concentration and its relatively high negative value
reflects the good inhibitory properties of the investigated MS20 [73].

Temperature is a factor that plays an important role in the corrosion of a given material in a
corrosive environment. The behavior of the former might be affected by temperature in addition to the
possible modification in the metal-inhibitor interaction. It should be noted, however, that the
temperature effect on the acid-metal inhibition reaction might be quite complex owing to the various
changes occurring on the metal surfaces. For instance, rapid etching, inhibitor desorption and possible
inhibitor decomposition [73, 74].

Carbon steel corrosion in acidic media is generally accompanied by the evolution of hydrogen
gas, the amount of which is directly proportional to the temperature leading to higher corrosion rate at
higher temperatures. Synergistically, the reactants energy to form the activated complex which in its
turn dissociates to form the corrosion products increases with increasing temperature [75, 76].

In the present study, investigation of the influence of temperature on the corrosion rate in the
absence and presence of 10> M MS20 as well as on the inhibition efficiency has been conducted in the
temperature range (296 K—343 K) and results are reported in table 3.

Table 3. Gravimetric results for the corrosion parameters of carbon steel corrosion in 1 M HCI in the
absence (CR®) and presence (CR') of 10° M MS20 obtained at different working temperatures.

CR” (mg.cm™.h™) CR'(mg.cm™.h™) IE%

296 0.199 0.017 91.3 10.913
313 0.835 0.047 94.3 0.943
323 2.221 0.080 96.4 0.964
333 4.946 0.132 97.3 0.973
343 10.875 0.277 97.5 0.975

Examination of the results shown in table 3 reveals that the corrosion rate in all cases increases
with increasing temperature, as expected. From this table, the figure 4 was plotted.

An eye-catching feature in figure 4 is that the acceleration of the corrosion rate with increasing
temperature is far low in the presence of 10 M MS20 compared with inhibitor-free solution. In fact,
while the corrosion rate reaches an extreme value of (CR® = ca. 10.875 mg.cm2.h™) at 343 K in the
blank 1 M HCI compared with its initial value of (CR® = ca. 0.199 mg.cm™.h™), this behavior is almost
ten-fold lower in the presence of 10 M MS20 where the corrosion rate increased from (CR' = ca.
0.017 mg.cm™?.h™) to (CR' = ca. 0.277 mg.cm2.h™) only.

A very interesting feature depicted in table 3 is the increase of the inhibition efficiency with
increasing temperature which is of practical interest in processes requiring the protection of the
material at high temperature[77]. A maximum value of ca. 97.5% was reached in the present study at
343 K as displayed in figure 5.
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Figure 4. Effect of temperature on the corrosion rate of carbon steel in 1 M HCI in the absence (CR
and the presence (CR') of 10° M MS20.
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Figure 5. Effect of temperature (296 K-343 K) on the inhibition efficiency (IE%) of carbon steel
corrosion in a (10° M MS20 + 1 M HCI) solution.

Similar increase in the inhibition efficiency has been observed in literature at several metals,
like copper [78], aluminum [77] and steel [73, 79-81]. The most probable interpretation of this
behavior is that the inhibition mechanism proceeds through a chemical adsorption (chemisorptions) of
MS20 molecules onto the carbon steel surface and this indeed increases with rising temperature [73].
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Further thermodynamic/kinetic investigations follow with the aim to evaluate the adsorption
parameters and elucidate the corrosion/inhibition mechanisms.

The apparent activation thermodynamic parameters, namely the activation energy (Ej), the
activation enthalpy (AH,) and the activation entropy (AS,) of the corrosion process under study can be
calculated [67, 71, 82] using Arrhenius equation:

CR=Aexp [— % 5)

And the alternative formulation of Arrhenius equation, the transition—state equation:

_ E A5, AHa
CR=% exp( R ) EXp('ﬁ] (6)

where A (mg.cm.h™) is the Arrhenius pre-exponential factor, R is the universal gas constants
(8.3144621 J.K .mol ™), N is Avogadro’s number (6.02252 x 102 mol™) and h is Plank’s constant
(6.626176 x 103* J.).

A plot of Ln(CR) against (1/T) gives a straight line as displayed in figure 6.
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Figure 6. Arrhenius plots for carbon steel corrosion rates (CR) in 1 M HCI in the presence and absence
of 10° M MS20.

The value of (A) was calculated from the y-intercept of respective lines. The slopes of these
plots (—E4/RT) yielded the values of the activation energy (E,) both in the absence and presence of the
inhibitor. All results are tabulated in table 4.
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Table 4. Corrosion thermodynamic parameters for carbon steel in 1 M HCI with and without 10° M
MS20

Fig.6 Fig.7 A

intercept intercept

Blank —8.701 27.725 —8.384  20.962 1.099 x 10 72.340 69.705 —23.266
MS20 —5.866 15.695 —5.548 8.932 6.550 x 10° 48.770 46.126 —123.279

And a plot of Ln(CR/T) against (1/T) is displayed in figure 7 for the corrosion of carbon steel
in 1 M HCI in both the absence and presence of 10 M MS20. Each obtained straight line has a slope
of (—AH4/R) and an intercept of (Ln[R/Nh]+ AS,/R) from which the values of AH, and AS, were
calculated, respectively. These results are tabulated in table 4, as well.

2 F ® Experimental data (Blank)
Linear regression

® Experimental data (MS20)
Linear regression

Ln(CR/T) (CR/ mg.cmZh™)

1 1 1 1 1 1

2.9 3.0 3.1 3.2 3.3 34
1000/T (T / K)

Figure 7. Transition-state plots for carbon steel corrosion rates (CR) in 1 M HCI in the presence and
absence of 10° M MS20.

The significant decrease in the apparent activation energy in the presence of inhibitor is a prove
that the inhibitory effect of the investigated MS20 for carbon steel corrosion in 1 M HCI proceeds
indeed via a chemisorption [73, 80]. The same tendency applies to the Arrhenius pre-exponential
factor as similarly observed in other studies [73, 79, 83, 84]. This increase in the value of the pre-
exponential factor (A) induces the increase of the corrosion rate (CR) showing that the investigated
(MS20) compound is a highly effective inhibitor since it shows high inhibition efficiency even at low
activation energy.

Another observation is that, for both blank and MS20-containing solution, the values of AH,are
lower than the values of the respective activation energies which corresponds to a decrease in the total
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reaction volume due to a gaseous process which is nothing but the hydrogen evolution reaction. Very
interestingly the difference of the two values is almost constant with an average value of ca. 2.64
kJ.mol™ which is very close to the average value of the product (RT) in the investigated temperature
range. Such behavior is characteristic of a unimolecular gas-phase reaction obeying the following
equation [73, 80]:

The last parameter given in table 4, the entropy of activation (AS,), bears a negative sign for
both blank and inhibitor-containing media. This is typical of an association-based formation of the
activated complex in the rate determining step of the reaction mechanism. In other words, an increased
ordering on forming the activated complex [85].

3.3. Adsorption isotherm:

The mechanism of inhibition of carbon steel corrosion by MS20 is tightly related to the
adsorption of the inhibitor molecules onto the carbon steel surface [86-88] and this can be investigated
using the adsorption isotherm. It is well documented that this phenomena is dependent, in one hand, on
the nature and charge of the metal, and in the other hand, on the chemical structure and the distribution
of charge in the inhibitor molecule, in addition to the type of electrolyte [89-94]. In this respect, two
main categories are generally distinguished: chemical adsorption (chemisorption) and physical
adsorption (physisorption) according to the thermodynamic parameters obtained from the adsorption
isotherm.

A great variety of adsorption isotherms might be used to assess the behavior of corrosion
inhibitors. The most frequently used are Langmuir, Temkin, Frumkin and Freundlich isotherms [73,
95] given by the following equations:

Temkin isotherm
{exp [f 5':]} = Kads -Cinn (8)

Langmuir isotherm

(&) =K Cm

1-4

Frumkin isotherm
{% }{exp (—2f.0)} = Kaz.Cin (10)

Freundlich isotherm
8 = Kads .Cinn (12)
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Where Ci,, is the bulk concentration of the investigated inhibitor, Kags is its adsorption
equilibrium constant and f is the Temkin heterogeneity factor (f = —2a), a being the Frumkin lateral
interaction factor describing the molecular interactions in the adsorbed layer.

The experimental data is in excellent agreement with the Langmuir adsorption isotherm with a
very good correlation coefficient (R? = ca. 0.9999) for the plot Ciy, /6 against Ciy as shown in figure 8.

0.0012 - ® Experimental data
—— Linear Regression
o 0.0008 [
=)
N
(2]
=
= 0.0004 -
0.0000 -

0 5e-4 1e-3
[MS20] / mol. L™

Figure 8. Langmuir adsorption isotherm of MS20 on carbon steel surface in 1 M HCI at 296 K.

The slope equals almost unity and the recirpocal of the intercept gives the value of the
adsorption equilibrium constant (Kags) which can be used to calculate the value of the Gibbs free
energy of adsorption using the following equation [75]:

(55.5 is the value of the molar concentration of water in the solution [96] ). Results are
tabulated in table 5.

Table 5. Thermodynamic parameters for the adsorption of MS20 onto the carbon steel surface in 1 M
HCI

Inhibitor Kags (Mol ™.L) R® AGags (kJ.mol™)
MS20 1.085 96.432 x 10 0.9999 —38.13
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The negative value of the adsorption free energy as shown in table 5 gives a double indication:
the first is the spontaneity of the adsorption process and the second is the strong adsorption of the
MS20 inhibitor onto the carbon steel surface and therefore its high stability [75, 80, 97-99].

Moreover, there is a great deal of reports concerning the value of the adsorption free energy
which in general falls into one of two ranges describing the general modes of adsorption, namely
chemical adsorption (chemisoprtion) and physical adsorption (physisorption) [94, 100-109].

The former pertains to charge sharing or transfer from the organic species, in this case the
corrosion inhibitor, to the corroding metal surface which results in the formation of a coordinate type
bonding. And this is characterized by values of [AGags | < 20 kJ. mol™,

While, the latter describes a process that is due to an electrostatic interaction between the
charged metal surface and the charged molecules. In that case the value of the adsorption free energy
falls in the range |[AGags | > 40 kJ. mol ™.

In the current study, the obtained value is AGags = ca. —38.127 kJ .mol™* which is very close to
—40 kJ.mol™, suggesting that the adsorption mode is predominantly a chemisorption. Similar
descriptions were reported for N-naphtyl N'-phenylthiourea (AGags = ca. —38.78 kJ.mol™) [80],
thiourea (AGags = ca. —39 kJ.mol™) [110] and mercapto-triazole (AGags = ca. —32 kJ.mol™) [111].

A plausible explanation of this chemisorption in terms of corrosion mechanism would be the
adsorption of MS20 molecules onto both anodic and cathodic sites of the corroding carbon steel
surface [80]. The adsorption on the cathodic site would result from the existence of the MS20 as
cationic species which is in fact very obvious for the investigated ionic liquid (cf. the structure of
MS20). This will hinder to some extent the hydrogen evolution reaction. This was in fact visualized
during the carried experiments. While, the adsorption of this compound onto the anodic sites would be
driven by the lone electron pairs of nitrogen and the n-electrons of C=N and C=C, which will diminish
the dissolution of carbon steel.

4. CONCLUSION

In this study, we investigated the inhibitory effect of a pyridazinium-based ionic liquid (1-
benzylpyridazin-1-ium bromide) abbreviated here as MS20. Very interestingly, an effective corrosion
inhibition was obtained for carbon steel in 1 M HCI in the presence of MS20. The results of
gravimetric, kinetics and thermodynamics investigations enabled the understanding of the inhibition
process and the determination of various characteristic parameters. These results can be summarized as
follows:

o MS20 showed a high inhibition efficiency (IE%) that increases with increasing inhibitor
concentration.
o An MS20 concentration of as low as 10 M was enough to hinder the corrosion of

carbon steal with an efficiency ( IE% = ca. 91.3%).
o The Kinetic study showed the good inhibitory properties of MS20 and enabled to
calculate of the kinetic rate constant of the inhibition process (k = ca. 0.451 mg.cm™?.h™).
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o From the study of the effect of temperature, it was found that (IE%), very interestingly,
increased with increasing temperature reaching a peak at 343 K (IE% = ca. 97.5%) which is of a
practical interest in several industrial processes.

o Thermodynamic investigations confirmed that MS20 inhibition process followed a
Langmuir isotherm and that the MS20 action proceeds via a spontaneous chemisorption of the
inhibitor onto the carbon steel surface resulting in the formation of quite a strong coordinate type
bonds.

o MS20 is likely to adsorb on both anodic and cathodic sites of the corroding carbon steel
surface reducing simultaneously the hydrogen evolution reaction (HRR) and the dissolution of the
metal.
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