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The corrosion rates in the presence of new synthesised pyridazine derivatives (P1, P2, P3 and P4) as a
steel corrosion inhibitors in 1 M hydrochloric acid, were measured by the weight loss method, in the
range of temperatures from 303 to 353 K. Results obtained revealed that the inhibition efficiency of
these compounds decreases markedly with increasing temperature and its value reaches 48.5% at 353
K at 10°M. The inhibition was assumed to occur via adsorption of the pyridazine molecules on
metallic surface. Adsorption of inhibitor molecules on steel surface showed Langmuir adsorption
isotherms fit in acidic media. The apparent activation energies (E;), enthalpies (AH,) and entropies of
activation (AG,) values provide evidence of the inhibitory effect of pyridazine derivatives.
Furthermore, spontaneity, through equilibrium constant (Kags) values and free energy value (AGags.) Of
the adsorption process, shows a drastic decrease upon temperature increase in the presence of P1.

Keywords: Synthesised pyridazine derivatives; Adsorption process; Corrosion inhibition;
Thermodynamic proprieties.

1. INTRODUCTION

Corrosion in mineral acids represents a terrible waste of both natural resources and money [1].
Among the best corrosion inhibitors that act as major adsorption centres are some organic compounds,
containing functional electronegative groups and m-electron in triple or conjugated double bonds.
These hetero-atoms, such as sulfur, phosphorus, nitrogen, and oxygen, together with heterocyclic or
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conjugated aromatic, play significantly in inhibition process [2-6]. Furthermore, the most synthesised
compounds are the nitrogen-heterocyclic compounds which are known to be excellent complex or
chelate forming substances with metals of transition series. Their adsorption is generally explained by
the formation of an adherent .Im on the metal surface [7-11].

The introduction of sulphur atom in heterocyclic compounds containing nitrogen has proved
very good corrosion inhibition of metals in acidic solutions [12-14]. Their inhibitive power is related
to the various active adsorption centres as cyclic rings or hetero-atoms. The higher inhibition
efficiency of hetero-atoms as oxygen, nitrogen, phosphorus and sulphur should follow the sequence
O<N<S <P [14].

The choice of pyridazine compounds is based on their much known pharmaceutical application
in the inhibition of aldose reductive and exhibiting antioxidant properties [15, 16] and the presence of
two nitrogen and sulphur atoms in pyridazine ring with various substituents.

In the present work, we investigate the corrosion inhibition of mild steel in 1 M HCI by some
newly synthesised pyridazine compounds at different temperature range. Kinetic and thermodynamic
parameters were investigated to give deeper insight to the effect of inhibitor structure using weight loss
measurements.

2. EXPERIMENTAL DETAILS

Prior to all measurements, the mild steel samples (0.21% C; 0.38% Si; 0.09% P; 0.01 %Al
0.05% Mn; 0.05% S and the remainder iron) was used in the form of sheets with 2x2x0.05 cm
dimensions which were degreased with acetone, polished with different emery paper up to 1200 grade,
dried, and weighed until used.

The aggressive solution (1 M HCI) was prepared by dilution of analytical grade 37% HCI with
bidistilled water. Gravimetric measurements were carried out in a double walled glass cell equipped
with a thermostat-cooling condenser. The solution volume was 100 cm®. The molecular formula of
pyridazine derivatives is shown in Fig. 1.
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Figure 1. Chemical structure of new synthesised pyridazine derivatives.

3. RESULTS AND DISCUSSION

3.1. Effect of temperature

Table 1. Corrosion parameters obtained from weight loss measurements at various temperatures
studied for mild steel in 1M HCI of P1, P2, P3 and P4 at 10° M.

Temperature (K) Compounds Weorr (Mg/cm?.h)

313 1M HCI 1.30 -
P1 0.1 92
P2 0.19 85
P3 0.24 82
P4 0.20 85

323 1M HCI 3.47 -
P1 0.58 83
P2 0.76 78
P3 0.92 74
P4 0.72 79

333 1M HCI 6.72 -
P1 1.69 75
P2 2.35 65
P3 2.73 59
P4 2.40 64

343 1M HCI 10.8 -
P1 3.60 67
P2 5.18 52
P3 5.54 49
P4 5.0 54

353 1M HCI 19.20 -
P1 10.20 47
P2 10.77 44
P3 11.67 39
P4 11.13 42
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To evaluate the adsorption of pyridazine derivatives and extract the activation parameters of
corrosion processes of mild steel in acidic media, weight-loss measurements were used. The inhibition
efficiency (IE%) is calculated as follows:

IEW%=[1—%jxlOO 1)

corr

Where W¢or and W°qr are the corrosion rates of mild steel in the absence and presence of the
organic compounds, respectively.

Table 1 presents the corresponding data of mild steel immersed for 1h in corrosive solution
containing 10°M of P1, P2, P3 and P4 separately at different range of temperature 303—-353 K.

It is well-known that corrosion rate increases with the rise of temperature in acidic media for all
inhibitors.

The variation of corrosion rate and inhibition efficiency with temperature for steel in 1 M HCI
of pyridazine compounds at 10M is shown in Fig. 2. It is note the decrease in the inhibition efficiency
with increasing of temperature. It is well-known that the rise in temperature leads to an increase in
corrosion rate with and without inhibitor.
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Figure 2. Variation of corrosion rate and inhibition efficiency with temperature for mild steel in 1 M
HCl in the presence of 10°M of P1, P2, P3 and P4 separately

The effect of the temperature shows that the increase of corrosion rate is more pronounced with
the rise of temperature for the blank solution. In the presence of inhibitors, W is generally reduced
and the inhibition efficiency (IE,, %) depends on the temperature and decreases from 92 to 48 % when
the temperature rises from 313 to 353 K at 10° M of P1. It is also notice that P1 has the best
effectiveness. In the continuation of this work we made a detailed study for this product in order to
determine the thermodynamics parameters and to explain the adsorption mechanism.
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3.2. Study of ethyl [4-(2-chlorobenzyl)-3-methyl-6-thioxopyridazin-1(6H)-yl]acetate (P1)

3.2.1. Effect of immersion time

30

—=— 1M HCI
—e— 10°M of P1

immersion time (h)

Figure 3. Weight loss versus immersion time of mild steel in 1 M HCI without and with 10 M of P1
at 303 K.
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Figure 4. Variation of 1E,, (%) versus immersion time of mild steel in 1 M HCI without and with 107
M of P1 at 303 K.

Fig.3 shows the effect of addition of P1 at 10°M on the corrosion of mild steel in 1M HCI
solution was studied by weight loss measurements at 303 K at various immersion periods.

The effect of increasing time on the weight loss of mild steel in uninhibited and inhibited acid
solutions is shown in Fig. 3. It is obvious that the weight loss varied linearly with immersion period in
plain acid and inhibited acid, showing the absence of insoluble product on the mild steel surface [17].
The curve obtained in the presence of the additive fall significantly below that of free acid. The
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relatively large divergence of the plots indicates the increase of IE,, (%) with time as shown in Fig. 4.
It is note that the inhibition efficiency attains 100% since 6 h to attain more than 98% at 24 h at 303 K.
This result promises also its use even during a period.

3.2.1. Effect of temperature

Table 2. Influence of temperature on the corrosion rate and inhibition efficiency of mild steel in 1 M
HCI at different concentrations of P1.

Concentrations (M)

Weorr (Mg/cm?.h)

313 0 1.30 —~
10°° 0.67 49
10°° 0.57 56
5x10°° 0.465 64
10 0.325 75
5x10 0.178 86
103 0.1 92
323 0 3.47 -
10°° 1.94 44
10°° 1.73 50
5x10°° 1.62 53
10* 1.25 64
5x10* 0.86 75
103 0.58 83
333 0 6.72 -
10°° 4.16 38
10°° 3.89 42
5%10°° 3.14 53
10 2.54 62
5%10 1.93 71
1078 1.69 75
343 0 10.8 —~
10°° 7.65 29
10°° 7.44 31
5%10°° 6.48 40
10 5.29 51
5%10 3.90 64
103 3.60 67
353 0 19.20 —
10°° 15.55 19
10°° 14.94 22
5%107° 13.50 29
10 12.48 35
5x10™ 10.90 43
1078 10.20 47
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Table 2 presents the values of corrosion rate of mild steel at different concentrations of P1 were
determined by weight loss measurement at various temperatures (303-353 K) and the corresponding
inhibition efficiencies. It is well-known that corrosion rate increases with the rise of temperature in
acidic media. At each temperature, the inhibition corrosion increases with inhibitor concentration. But
at a given inhibitor concentration, the inhibitory effect ceases more and more to jump from 92% at 303
K to 47% at 353 K. Apparently, the results obtained postulate that the inhibitor function through
adsorption on the metal surface by the blocking the active sites to form a screen onto the mild steel
surface from acidic solution. As the temperature increases, we notice the desorption rate manifests
parallel to that of adsorption [18]; the surface becomes less protected and then the inhibitor gradually
loss its effectiveness.

3.2.3. Kinetic parameters of activation

The influence of temperature on the kinetic process of corrosion in free acid and in the
presence of adsorbed inhibitor leads to get more information on the electrochemical behaviour of
metallic materials in aggressive media.

To calculate activation thermodynamic parameters at different concentrations of P1 such as
activation energy E,, entropy AS° and enthalpy AH® of activation, Arrhenius Eq. (2) and its alternative
formulation called transition state Eq. (3) were used:

E

a
W =Kexp| -—— 2
|~ a7 2)
RT AS? AH?
W=—¢ 2 lexp| - —2 3
Nh Xp( R jxp( RT J )

T is the absolute temperature, K is a constant and R is the universal gas constant, h is plank's
constant, N is Avogadro's number.

The activation energy E, is calculated from the slope of the plots of Log (Wc¢orr) vs. 1/T (Fig.5).
Plots of Log(Wcor /T) vs. 1/T give a straight line with a slope of AH®/R and an intercept of
(Log(R/Nh)+ AS°/R) as shown in Fig. 6. From this relation the values of AH° and AS° can be
calculated. The calculated parameters at different concentrations of the inhibitor are collected in Table
3.

The activation energy increases in presence of the inhibitor. Generally, the inhibitive additives
cause a rise in activation energy value when compared to the blank solution. The change of the values
of the apparent activation energies may be explained by the modification of the mechanism of the
corrosion process in the presence of adsorbed inhibitor molecules [19] and could be often interpreted
as an indication for the formation of an adsorptive film by a physical (electrostatic) mechanism
[15,16].
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Figure 5. Arrhenius plots of mild steel in 1 M HCI at different concentrations of P1.
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Figure 6. The relationship between In(W/T) and 1/T for mild steel at different concentrations of P1.

Inspection of the kinetic data obtained in Table 3 shows that all parameters of corrosion process
increases with the inhibitor concentration. Literature postulates that the positive sign of the enthalpy
(AHg®) is an endothermic nature of the copper dissolution process. The entropy of activation AS,° in
the absence of inhibitors is positive and this value increases positively with the P1 concentration. The
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increase of AS,;° implies that an increase in disordering takes place on going from reactants to the
activated complex [20].

In our case the values of AH° mean that the dissolution reaction is an endothermic process and
that the dissolution of steel is difficult [21]. Also, the entropy AS° increases negatively with the
presence of the inhibitor than the non-inhibited one. This reflects the formation of an ordered stable
layer of inhibitor on the steel surface [22]. From the previous data, we can conclude that P1 is an
effective inhibitor.

Table 3. Activation parameters of the dissolution reaction of mild steel in 1 M HCI in the absence and
presence different concentration of P1

Concentration

1M HCI 58.71 55.97 -62.94
10°® 68.93 66.19 -35.98
10° i 72.11 69.39 -27.12
5x10~ 76.05 73.30 -16.56
1074 83.03 80.34 2.58
5x1074 106.58 103.92 69.64
1073 156.33 153.59 214.57

3.2.4. Adsorption isotherm

The elevated temperature had an adverse effect on adsorption process, where inter- and
intramolecular forces such as, electrostatic bond, coordinative bond, and even weaker interactions such
as, m— stacking interactions were weaken, loosened, and eventually decomposed. For this, it is widely
acknowledged that adsorption isotherms provide useful insights into the mechanism of corrosion
inhibition. In order to obtain the isotherm type model, one supposes that P1 acts via a simple
adsorption mode. Thus, the apparent corrosion rate of the inhibited mild steel electrode is proportional
to the ratio of the surface covered 6 and that not covered (1- 0) by the inhibitor molecules.

The surface coverage, 0, was calculated according to the following equation:

ezwcorr _Wcorr/inh (4)
Wcorr

Surface coverage values (0) for the inhibitor were obtained from the weight loss measurements
for various concentrations at different temperatures (303-343 K), as shown in Table 4. It is necessary
to determine empirically which adsorption isotherm fits best to the surface coverage data in order to
use the corrosion rate measurements to calculate the thermodynamic parameters pertaining to inhibitor
adsorption.
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Careful investigation performed for Tempkin [23, 24], Langmuir [25], Frumkin [26] and
Freundluich [27] isotherms (5)—(8) would show the most fitting isotherm with maximum regression
coefficients, R?, using the following relationships:

Temkin isotherm  exp (f. 6) = kagsC (5)
Langmuir isotherm 6/ (1- 0) = Kags C (6)
Frumkin isotherm 6/ (1- 0) . exp (-2f. 6) = Kags C (7)
and Freundlich isotherm 0 = k45 C (8)

where Kygs is the equilibrium constant of the adsorption process, C the inhibitor concentration
and f the heterogeneous factor of metal surface. The most fitting best fitted straight line is obtained for
the plot of Cinn/0 versus Cinn with slopes around unity. The correlation coefficient (R?) was used to
choose the isotherm that best fit experimental data (Table 4). This suggests that the adsorption of P1 on
the metal surface obeyed to the Langmuir’s adsorption isotherm (Fig. 7). Equilibrium constant (Kads.)
of adsorption process determined using (9) could be further used to determine free energy of
adsorption as follows:

AygsG~ =—-RTLN(55.55K ,4) 9)

where 55.5 is the molar concentration of water, R is the universal gas constant, and T is the
thermodynamic temperature. Table 4 summarizes the equilibrium constant and free energy of
adsorption values in presence and absence of P1.

The negative values of standard free energy of adsorption AG’,s ensure the spontaneity of
adsorption process [28,29] and stability of the adsorbed layer on the steel surface. It is show that the
calculated AG* g values, is ranging from about -40.27 to -36.29 kJ mol™, indicating, therefore, that the
adsorption mechanism of the P1 on mild steel surface in 1 M HCI solution as typical of chemisorption.
The possible mechanisms for chemisorption can be attributed to the donation m-electron by the
aromatic rings, the nonbinding electron pair of two nitrogen and sulphur in pyridazine group, and the
presence the ester group containing two oxygen atoms. Moreover, the chemisorption can be favoured
by the P1 planarity [30].

The corrosion inhibition of P1 for mild steel may be well explained by using a thermodynamic
model, so, the heat, the free energy and the entropy of adsorption are calculated to elucidate the
phenomenon for the inhibition action of P1 (Table 4). According to the Van't Hoff equation [31]:

[e]

In(K) = - ﬁds + Constant (10)

Where AH®,4s and K are the adsorption heat and adsorptive equilibrium constant, respectively.
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The adsorption heat may be obtained from the linear regression between In(K) and 1/T shown
in Fig. 8. AS°,qs can be deduced from the thermodynamic basic equation:

AG®ads = AH®ads —TASqds (11)

The negative values of AH,¢s° mean that the dissolution process is an exothermic phenomenon
[32]. It assumed that an exothermic process is attributed to either physical or chemical adsorption but
endothermic process corresponds solely to chemisorption. In an exothermic process, physisorption is
distinguished from chemisorption by considering the absolute value of a physisorption process is lower
than 40 kJ mol—1 while the adsorption heat of a chemisorption process approaches 100 kJ mol—1 [33].
In this study; the standard adsorption heat -66.80 kJ.mol-1 postulates that a chemical adsorption is
more favoured. The negative values of ASo ads is generally explained an ordered of adsorbed
molecules of inhibitor with the progress in the adsorption onto the mild steel surface [34].
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Figure 7. The relationship between C /®and C of P1 at various temperatures.

Table 4. Thermodynamic parameters of adsorption of P1 on the mild steel surface at different

temperatures

Temperature R? AG g AH,4° ASads®
(K) (kdmol™)  (kdmol™)  (@.mol K™}
308 0.9999 0.9972 120586 -40.27 -66.68 -86.65

313 0.9999 1.08 60200  -39.12

323 0.9999 1.2 37707  -39.10

333 0.9999 1.14 13444  -37.47

343 1 112 7375 -36.88

353 1 1.06 4184 -36.29
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Figure 8. Vant’Hoff plot for the mild steel/P1/1M HCI system

4. CONCLUSION

Results obtained show that pyridazine derivatives tested are the efficient inhibitors.

o Inhibition efficiency increases with the increase of concentration and immersion time to
attain 100% at 10"*M for P1.

o Increase of temperature leads in a decrease of inhibition efficiency of all pyridazine and
an increase of the activation corrosion energy.

o The most fitting isotherms in the adsorption of P1 at surface of mild steel acidic media
were Langmuir isotherms and the negative value of AG 4 is a sign of spontaneous adsorption on the
metal surface.

o In the presence of inhibitor, the inhibitory effect of P1 on mild steel was clarified using
the apparent activation energy values (E,); similarly, apparent entropy of activation showed that at
larger inhibitor concentration solvent entropy increase in 1M HCI. At elevated temperatures, sudden
spontaneity declines down, detected through equilibrium constant (Kags) values and free energy value
(AGgqs) due to weakening and decomposition of inter- and intramolecular interactions.
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