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I. Introduction:

Organic compounds containing polar groups by which the molecule can become strongly or specifically
adsorbed on the metal surface constitute most organic inhibitors [1,2].

These inhibitors, containing heteroatoms particularly N, O and S either in the ring or in the side chain in
addition to multiple bonds (double and triple bonds), all forms of aromatic rings and polar functional groups
(such as —OH, —NH,, —CN, —SH, NO, etc.) act as efficient corrosion inhibitors [3]. Many N-heterocyclic
compounds have been proved to be effective inhibitors in acid medium [4-23]. Benzodiazepines have these
requirements to act as corrosion inhibitors with maximum degree of unsaturation by virtue of the seven
membered ring. A review of literature reveals that though there are large numbers of reports on the synthesis
and pharmacological activities of benzodiazepines, only very few works have been carried out on their use as
corrosion inhibitors [24-26].

In the present work, the inhibition effect of (4Z)-(2-oxopropylidene)-1,2,4,5-tetrahydro-2H-1,5-benzodiazepine-
2-one (P1) on the corrosion of mild steel in 1 M HCI was studied using electrochemical methods. Also, the
effect of temperature on the corrosion rate was discussed. Both kinetic and standard thermodynamic parameters
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are calculated and discussed in detail. The molecular structure of (4Z)-(2-oxopropylidene)-1,2,4,5-tetrahydro-
2H-1,5-benzodiazepine-2-one (P1) is shown in Fig. 1.

Iz

(6]
Figure 1: Structure of (42)-(2-oxopropylidene)-1,2,4,5-tetrahydro-2H-1,5-benzodiazepine-2-one (P1).

2. Experimental details

2.1. Materials and solutions

Mild steel was used for this study has the following composition: (0.37% C, 0.23%Si, 0.016 S%, 0,68 Mn%,
0.16 Cu%, 0.077Cr%, 0.011Ti%, 0,052Ni%, 0.009 Co% and the remainder iron (Fe))

The 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 M HCI) were
prepared by dilution of an analytical reagent grade 37 % HCI with doubly distilled water. The concentration
range of 3,4-MAT employed was 10° M to 10° M.

2.2. Synthesis of the inhibitor:
We took over the reaction of M. El Abbassi et al. [27,28] to synthetize the inhibitor 4Z-(2-oxopropylidene)-
1,2,4 5-tetrahydro-2H-1,5-benzodiazepine-2-one 3 from o-phenylenediamine 1 and dehydroacetic acid 2.
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Schemel: Synthesis of 4Z-(2-oxopropylidene)-1,2,4,5-tetrahydro-2H-1,5-benzodiazepine-2-one (P1).

A mixture of o-phenylendiamine 1 (20 mmol) and dehydroacetic acid (10 mmol) 2 in xylene, was refluxed for
2h. After cooling the residue obtained was washed with ethanol to give the compound 3.

'H-NMR (DMSO0-d6): 2,00(s,3H,CHs) ; 3,00(s,2H ,CH,) ; 5,20(s,1H,CH) ; 7,10(4CHaomatique,M) ; IR(KBT) :
1680, 1610, 1570cm-1; S.M.m/z = 216; mp 230-232°C.

2.3. Potentiodynamic polarization: were carried out in a conventional three-electrode electrolytic cell. Saturated
calomel electrode (SCE) and platinum electrode were used as reference and auxiliary electrodes respectively.
The working electrode is in the form of a rectangular form from mild steel of the surface 1 cm? These
electrodes are connected to Volta lab PGZ 301 piloted by computer associated to ‘“Volta Master 4’ software.
The scan rate was 1 mV/s started from an initial potential of -800 to 0OmV/SCE. Before recording each curve, a
stabilization time of 30 min was allowed.

2.4.Electrochemical impedance spectroscopy (EIS) :was carried out with the same equipment used for the
polarization measurements, sine wave voltage (10 mv peak to peak, at frequencies between 100 kHz and 10
mHz was superimposed on the rest potential. The impedance diagrams are given in the Nyquist representation.
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3. Results and discussion

3.1. Polarization study

The polarization curves of mild steel in 1M HCI obtained with and without various concentrations of used
inhibitor is shown in Figure 2. Electrochemical kinetic parameters (corrosion potential (Ec.r), corrosion current
density (leorr), cathodic and anodic Tafel slopes (B and 3,)), determined from these experiments by extrapolation
method [29], are reported in Table 1. The I, was determined by Tafel extrapolation of only the cathodic
polarization curve alone, which usually produces a longer and better defined Tafel region [30]. The I values
were used to calculate the inhibition efficiency, ntawi(%), (listed in Table 1), using the following equation [31]:

I —1
nTafel (%) _ _cor corr(i) x 100 (1)
where ler and Iy are the corrosion current densities for steel electrode in the uninhibited and inhibited
solutions, respectively.
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Figure 2: Polarization curves of mild steel in 1M HCI containing different concentrations of P1.

Table 1: Polarization parameters and the corresponding inhibition efficiency for the corrosion of mild steel in 1
M HCI containing different concentrations of (P1) at 303 K.

Medium Conc -Ecorr Ba ‘Bc leorr MNTafel
(M) (MVsce) (mV dec’) (mVdech) (HAcm?) (%)

Blank — 477 101 138 579 —
10° 436 99.0 92.0 250 56.0

P1 10° 425 75.4 85.6 120 79.2
10 431 78.9 93.8 60 89.0
107 427 68.8 85.0 25 96.0

Inspection of the figure 2 and table 1shows that the addition of this inhibitor has an inhibitive effect in the both
anodic and cathodic parts of the polarization curves and generally shifted the E., value towards the positive
direction compared to the uninhibited steel. Thus, addition of this inhibitor reduces the mild steel dissolution as
well as retards the hydrogen evolution reaction. In addition, the parallel cathodic Tafel curves in Fig. 2 show
that the hydrogen evolution is activation-controlled and the reduction mechanism is not affected by the presence
of the inhibitor [32]. So, it could be concluded that (4Z)-(2-oxopropylidene)-1,2,4,5-tetrahydro-2H-1,5-
benzodiazepine-2-one is of the mixed-type inhibitor for steel in 1 M HCI solution. Indeed, this inhibitor can
exist as a cationic species in 1 M HCI medium, which may be adsorbed on the cathodic sites of the mild steel

Sebhaoui et al., IMES, 2017, 8 (10), pp. 3666-3675 3668



and reduce the evolution of hydrogen. Moreover, the adsorption of this compound on anodic sites through the
lone pairs of electrons of nitrogen and oxygen atoms will then reduce the anodic dissolution of mild steel.

The analyse of the data in Table 1 revealed that the corrosion current density (lcor) decreases considerably with
increasing P1 concentration, with a positive shift in corrosion potential compared to that of uninhibited solution.
From the results depicted in Table 1 it is also noted that in presence of P1, the values of both B, and B, change
irregularly but the change in values of B, is somewhat more prominent compared to that of B, suggesting that
studied compound act as mixed-type inhibitor. Inspection of these data shows that the addition of P1 inhibits the
steel corgosion in 1 M HCI and the protection efficiency increases with C;,, reaching its maximum value, 96.0
%, at 10™ M.

3.2 Electrochemical impedance spectroscopy measurements

Figure 3 shows the Nyquist diagrams of mild steel in 1 M HCI solutions containing different concentrations of
P1 at 303 K, respectively. All the impedance spectra exhibit single depressed semicircle. The diameter of
semicircle increases with the increase of Pl concentration. The semicircular appearance shows that the
corrosion of mild steel is controlled by the charge transfer and the presence of P1 does not change the
mechanism of mild steel dissolution [33,34]. In addition, these Nyquist diagrams are not perfect semicircles.
The deviation of semicircles from perfect circular shape is often referred to the frequency dispersion of
interfacial impedance [34-37]. This behaviour is usually attributed to the inhomogeneity of the metal surface
arising from surface roughness or interfacial phenomena [33,38], which is typical for solid metal electrodes
[39].
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Figure 3: Nyquist plots of mild steel in 1M HCI without and with different concentrations of (P1) at 303 K.

From the impedance data (Table 2), we conclude that the value of R increases with increase in concentration of
the inhibitor and this indicates an increase in the corrosion inhibition efficiency, which is in concord with the
potentiodynamic polarisation results obtained. In acidic solution, the impedance diagrams show perfect semi-
circles (Fig. 3) whose size increases with the concentration of the inhibitor indicating a charge-transfer process
mainly controlling the corrosion of steel. In fact, the presence of inhibitor enhances the value of the transfer
resistance in acidic solution. Values of double layer capacitance are also brought down to the maximum extent
in the presence of inhibitor and decrease in the values of Cg. The decrease in Cy is due to the adsorption of this
compound on the metal surface leading to the formation of a film from the acidic solution [40].

Values of the double layer capacitance (Cy) were calculated from the frequency at which the impedance
imaginary component (-Z;,,) was maximum, using the following equation:

1
f(-Z,,) “oC R (2

dl " et
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% m; was calculated using the equation:

R, —R.
77i :( ct(lnh)R Ct(unmh)JXlOO (3)

ct(inh)

where Reinn and reruninny are the charge-transfer resistance values with and without inhibitor, respectively.

Tableau 2: Impedance parameters of mild steel in 1M HCI containing different concentrations of P1 compound
at 303 K.

Conc Ret fmax Ca Ni
(M) (Qcm?) (Hz) (uF cm’®) (%)
Blank 21 20 126.31 —
10° 68 12.5 187.3 69.1
10~ 77 15.8 130.6 72.7
10* 122 20 65.2 82.7
10° 223 25 28.5 90.5

3.3. Kinetic-Thermodynamic corrosion parameters

Temperature is an important parameter in studies on metal dissolution. The corrosion rate in acid solutions, for
example, increases exponentially with a temperature increase because the hydrogen evolution overpotential decreases
[41]. Arrhenius-type dependence is observed between the corrosion rate and temperature. From the Arrhenius plots,
the apparent activation energy (E,) of the corrosion process can be calculated. Some conclusions on the mechanism of
the inhibitor action can be obtained by comparing E,, both in the presence and absence of the corrosion inhibitor. The
effect of temperature on the rate of the mild steel corrosion process was studied in 1 M HCI alone and in the
presence of 10° M of P1. The I, value was obtained by extrapolation of the Tafel lines of experiments carried
out at 303, 313, 323 and 333 K. Polarization curves for the mild steel in 1 M HCI solution are shown in Figs. 4
and 5 in two different conditions, without different and with the 10 M of P1 in the temperature range (303-333
K). The numerical values of the variation of corrosion current density (leorr), corrosion potential (Ecor),
Inhibitory efficacy (ntarel (%)), and the degree of surface coverage (0) at all studied temperatures 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... The inhibition efficiency nrae (%) is given by equation 1.
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Figure 4: Effect of temperature on the cathodic and anodic responses for steel in 1 M HCI.

In the absence and in the presence of the organic compound, the Iy, value increased with increasing
temperature. It is seen also that the P1 investigated have been inhibiting properties at all temperatures studied
and the values of inhibition efficiency decreases with temperature increase. We were interested in exploring the
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activation energy of the corrosion process and the thermodynamics of adsorption of P1. This was accomplished
by investigating the temperature dependence of the corrosion current, obtained using Tafel extrapolation
method. The corrosion reaction can be regarded as an Arrhenius-type process, the rate is given by

-E
I =Aex 2 4
corr p( RT ) ( )

where E, is the apparent activation corrosion energy, T is the absolute temperature, A is the Arrhenius pre-
exponential constant and R is the universal gas constant. This equation can be used to calculate the E, values of
the corrosion reaction without and with P1.
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Figure 5: Effect of temperature on the cathodic and anodic responses for steel in 1 M HCI + 10 M of P1.

Table 3: Electrochemical parameters for corrosion of mild steel in 1M HCI at different temperatures in the
absence and presence of 10° M P1.

T Conc ‘Ecorr Icorr MNTafel
(K) (M) (MVsce)  (WACm?) (%)
303 Blank 579 .0

10° 413 25.0 96
313 Blank 427 716.1

10° 426 81.0 88
323 Blank 432 2073

10 308 290.0 86
333 Blank 443 2076

107 400 577.0 72

Plotting the natural logarithm of the corrosion current density versus 1/T, the activation energy can be calculated
from the slope. The temperature dependence of mild steel dissolution in 1 M HCIl and in the presence inhibitor is
presented in Arrhenius co-ordinates in Fig. 6. The calculated values of the apparent activation corrosion energy
in the absence and presence of P1 are listed in the Table 4. All the linear regression coefficients were close to
one. The value of E,found for P1 is higher than that obtained for 1 M HCI solution. The increase in the apparent
activation energy may be interpreted as physical adsorption that occurs in the first stage [42]. Szauer and Brand
explained that the increase in activation energy can be attributed to an appreciable decrease in the adsorption of
the inhibitor on the mild steel surface with increase in temperature. As adsorption decreases more desorption of
inhibitor molecules occurs because these two opposite processes are in equilibrium. Due to more desorption of
inhibitor molecules at higher temperatures, an important surface of mild steel comes in contact with aggressive
environment, resulting increased corrosion rates with increase in temperature [43].
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Figure 6: Arrhenius plots for the corrosion of mild steel in 1 M HCI containing 10° M of P1.

An alternative formulation of Arrhenius equation is [44]

| - RT exp [ ASq jexp _AH, )
o Nh R RT

where h is Planck’s constant, N is Avagadro’s number, AS, is the entropy of activation and AH, is the
enthalpy of activation. Fig. 7 shows a plot of Ln (le/T) vs. L/T. Straight lines are obtained with a slope of
AH, /R and an intercept of Ln R/Nh + AS, /R from which the values of AS, and AH, are calculated and are
given in Table 4.

corr
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Figure 7: Transition Arrhenius plots for the corrosion of mild steel in 1 M HCI containing 10 M of P1.

Table 4: The values of activation parameters for steel in 1M HCI in the absence and presence of P1 at 10 M

Medium E. (KJ/mol) AH, (KJ/mol) AS, (J/mol K)
Blank 40.5 38 -70.13
P1 88.5 86 70.10
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Inspection of these data revealed that the thermodynamic parameters (AS, and AH, ) for dissolution reaction
of mild steel in 1 M HCI in the presence of inhibitor are higher than that obtained in the absence of inhibitor.
The positive sign of AH, reflects the endothermic nature of the mild steel dissolution process suggesting that

the dissolution of mild steel is slow [45] in the presence of inhibitor. In the presence of P1, the increase of AS,
reveals that an increase in disordering takes place on going from reactants to the activated complex [46].

3.4. Adsorption isotherm and thermodynamic parameters

It is well recognized that the first step in inhibition of metallic corrosion is the adsorption of organic inhibitor
molecules at the metal/solution interface and that the adsorption depends on the molecules chemical
composition, the temperature and the electrochemical potential at the metal/solution interface. In fact, the
solvent H,O molecules could also adsorb at metal/solution interface. So the adsorption of organic inhibitor
molecules from the aqueous solution can be regarded as a quasi-substitution process between the organic
compounds in the aqueous phase [Org(sol)] and water molecules at the electrode surface [H,O (ads)] [47]:

Org (sol) + nH,0 (ads) «> Org (ads) + nH,O (sol)

Where (n) is the size ratio, that is, the number of water molecules replaced by one organic inhibitor. Basic
information on the interaction between they inhibitor and the steel surface can be provided by the adsorption
isotherm. In order to obtain the isotherm, the linear relation between degree of surface coverage (6) values
(6= M1are1% / 100) and inhibitor concentration (C) must be found. Attempts were made to fit the 6 values to
various isotherms including Langmuir, Temkin and Frumkin. By far the best fit is obtained with the Langmuir
isotherm. This model has also been used for other inhibitor systems [48,49]. According to this isotherm, 8 is
related to C by:

. C 1
Langmuir: —=—+C 6
g 0« (6)

where C is the inhibitor concentration, K is the adsorptive equilibrium constant and 8 is the surface coverage.
Figure 8 shows the plots of C/6 versus C and the expected linear relationship is obtained for this compound. The
strong correlation (R? = 0.99998 for the compound P1) confirm the validity of this approach.
The constant of adsorption, K, is related to the standard free energy of adsorption, AG, ,
equation:

AG; =-RTLn (55.5Kads) @)

Where R is the universal gas constant, T is the thermodynamic temperature and the value of 55.5 is the
concentration of water in the solution in mol/L.
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Figure 8: Langmuir isotherm adsorption model of P1 on the surface of mild steel in 1M HCI.
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The thermodynamic parameters for the adsorption process were obtained from this figure are shown in Table 5.

Table 5: Thermodynamic parameters for the adsorption of P1 in 1 M HCI on the mild steel at 303K.
Slope R? Kas (L MO AGS, (KI/mol)
P1 1.04 0.99998 271814.47 -41.64

Generally, values of AG_, up to -20 k] mol™ are consistent with the electrostatic interaction between the

charged molecules and the charged metal (physical adsorption) while those more negative than -40 kJ mol™
involve sharing or transfer of electrons from the inhibitor molecules to the metal surface to form a coordinate
type of bond (chemisorption) [50]. Whereas, the more negative values than -40 kJ mol™ involve charge sharing
or transfer from the inhibitor molecules to the metal surface to form a coordinate type of bond (chemisorptions)
[17].

Conclusion:

The (4Z)-(2-oxopropylidene)-1,2,4,5-tetrahydro-2H-1,5-benzodiazepine-2-one (P1) is an efficient inhibitor for
mild steel in1 M HCI. The inhibition efficiency increases with the addition of inhibitor and reached a maximum
of 96 % in the presence of 10° M of inhibitor. The inhibition efficiency decreases with the increase in
temperature. The adsorption of P1 on mild steel obeys Langmuir adsorption isotherm. The inhibitor retards both
anodic and cathodic reactions on the surface of the metal. The surface adsorption of the used inhibitor led to
a reduction in the double layer capacitance as well as an increase in the charge transfer resistance.
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