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Abstract

Hydrochloric acid is an important mineral acid that is widely used in a variety of applications,
including well acidification, water treatment, chemical cleaning, and acid pickling (HCI).
Preventing corrosion of metal buildings has aroused much interest due to the huge financial and
safety losses that corrosion has caused in many industries. Mild steel is an important structural
material in a variety of industries because it is widely used owing to its low cost and excellent
physical and mechanical properties. This study looked at the corrosion inhibitory properties of
N-(phenol-p-ylmethylene)-2-amino-5-ethyl-1,3,4-thiadiazole (PAT) for mild steel in 1 M HCI.
The anticorrosion efficacy of PAT as an inhibitor was studied using a variety of electrochemical
techniques (electrochemical impedance spectroscopy and potentiodynamic polarization). For
the studied inhibitor, the greatest inhibition efficiency was observed at an optimal dose of
0.5 mM. The thermodynamic behavior was studied at various temperatures. As a result, the
experiment demonstrated that increasing the temperature reduces inhibitor efficiency and
increases the corrosion rate. The experiment discussed the effect of temperature in the range of
30, 40, 50, and 60°C on the corrosion inhibitor and showed that the corrosion rate increased
from 7.6 to 630.4 mpy. Furthermore, quantum chemistry calculations using density functional
theory (DFT) were used to investigate the relationship between inhibition efficacy and inhibitor
molecule structure. All of the calculated results agree with the experimental findings.
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Introduction

When developing organic compounds as corrosion inhibitors, it is important to study factors
that affect the anticorrosion efficiency [1, 2]. One of these factors is the solution temperature
[3, 4]. The activity of synthetic or natural organic corrosion inhibitors depends on the
adsorption rate as well as the ability to cover the alloy surface [5, 6]. Significant factors of
absorption that depend on the geometric structures and surface charge of the alloy and the
electrolyte have been identified. To replace the H,O molecule adsorbed on the surface of an
alloy, the corrosion inhibitor is adsorbed by the surface immersed in an aqueous phase. In
recent years, the electrostatic interaction between inhibitor molecules and mild steel surface
was increasingly studied using molecular dynamic simulations as a suitable tool to model
such interaction [7, 8]. Corrosive acids are exceedingly applied in manufacturing usage, such
as pickling, cleaning and descaling in addition to oil and gas well acidizing [9]. As of result
of the universal aggressiveness of corrosive solutions, organic corrosion inhibitors are
usually utilized to diminish acid attack on alloys [10]. In continuation of previous
investigations [11-21], we studied the effect of temperature on the inhibition efficiency of
N-(phenol-p-ylmethylene)-2-amino-5-ethyl-1,3,4-thiadiazole (PAT) at a concentration of
5mM in 1 M acidic HCI solution and show the thermodynamic behavior where the
efficiency of this compound was improved in the previous article with variation of
concentration at a fixed solution temperature and then with variation of solution temperature
at a fixed solution concentration.

Experimental details

Synthesis
The structure of the investigated inhibitor N-(phenol-p-ylmethylene)-2-amino-5-ethyl-1,3,4-

thiadiazole is shown in Figure 1.
OH
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Figure 1. The structure of PAT.

The synthesized inhibitor was studied by spectroscopical techniques, namely FT-IR and
'H NMR, and CHN micro-elemental analysis. In the FT-IR spectrum of the studied inhibitor,
the signal at 3396 cm™ represents the phenolic group, the signal at 3077 cm corresponds
to the aromatic ring, and the signal at 1611 cm to C=N. In the 'H NMR spectrum, the triplet
signal at 1.540 ppm represents three hydrogen atoms of the methyl group whereas the
multiple signals at 3.010 ppm represents hydrogen atoms of the methylene group. The
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hydroxyl group signal is observed at 5.830 ppm and that of aromatic hydrogen is at 6.870 to
7.170 ppm.

Temperature effect

Mild steel (MS) was utilized in this investigation. The coupons were cleaned based on the
standard methodology reported elsewhere [30].

The adsorption of the inhibitor on mild steel surface was evaluated by electrochemical
studies using Gamry equipment and electrochemical techniques: electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization (PD). The temperature was varied in
the range from 30 to 60°C to study its effect on the inhibitor efficiency [22, 23]. Figure 2
shows the EIS plots at various temperatures. The largest semi-circle was recorded at 30°C
with a low corrosion rate, then with an increase in the temperature, the semi-circles decreased
to show that the highest corrosion rate was at 60°C. Figure 3 shows the PD curves at the
various temperatures. An increase in temperature results in poorer corrosion inhibition due
to weakening of the bonds between corrosion inhibitor molecules and the surface of mild
steel samples. Ecor shifts to more negative values, from —285 mV to —376 mV...—464 mV.
Based on previous investigations, a corrosion inhibitor is classified as anodic or cathodic if
the Ecorr Value becomes more than —85 mV [31].
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Figure 2. Nyquist Plot of mild steel with PAT inhibitor at various temperatures.
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Figure 3. PD curve for mild steel with PAT inhibitor at different temperatures.

Computational studies

Comparison between the Enomo—ELumo gaps (energies of highest occupied and lowest
unoccupied molecular orbitals) was done using the DFT method, where for the latter the
hybrid functional B3LYP was utilized for the studied geometry improvements. The
computations were conducted using Gaussian 09, Correction A.02. The ground-state
chemical structure improvements were done without symmetry limitations using the 6-
311++G(d,p) basis set [32, 33].

Result and Discussion

The investigated inhibitor, namely the PAT compound, was tested by electrochemical
techniques (EIS and PD) in 1 M HCI acid solution.

Corrosion inhibitor thermodynamics

The effect of temperature of N-(phenol-p-ylmethylene)-2-amino-5-ethyl-1,3,4-thiadiazole
(PAT) inhibitor was studied in this test and it was found that an increase in the solution
temperature led to an increase in the corrosion rate and a decrease in the inhibitor efficiency.
The temperature was varied from 30 to 60°C. This variation resulted in a decrease in the
inhibitor efficiency form 93% to 35% and an increase in the corrosion rate from 7.601 to
630.4 mpy [24]. The reaction energy or so called activation energy E, for both the anodic
and cathodic reactions in 1 M HCI for different temperatures was calculated using the
Arrhenius equation and plotted as in Equation 1 [25, 23].
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C = Aexp(_Eaj
RT

1)

where C; is the corrosion rate, E, is the activation energy of the reaction, A is the Arrhenius
constant, T is the solution temperature and R is the ideal gas constant. The plot of In(C;) vs.
1/T values shown in Table 1 and Figure 4 gave a linear relationship with a slope of E,/R at
0.5 M inhibitor concentration for various temperatures with and without the inhibitor. The
activation energy values with and without the PAT inhibitor for this test were 62.35 and
32.95 kJ/mol, respectively.

Table 1. Effect of temperature variation on the corrosion rate.

T LT Cowithl InCrwithl Eawithout! —Eawithl Crwithout! 10"
30 0033 76 4.404 32.954 62355 5 1.747
40 0025 767 9.424 94.021 _83.14 150 5.440
50 0020 255 12.033 150060  —103.925 1000 7,500
60 0017 6304 13.998 209.484 12471 5000 9.247
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Figure 4. Arrhenius plot for the blank solution and at 0.5 M of the inhibitor in 1 M HCI.

To better understand the corrosion behavior of mild steel surface, one has to study the
isothermal adsorption process in order to find out the effect of temperature on the corrosion
rate and the inhibitor efficiency [26]. From the Arrhenius plot it is clear that increasing the
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solution temperature leads to an increase in the corrosion rate and thus decrease the inhibitor
efficiency [23]. The activation energy in the range less than 20 kJ/mol indicates that the
adsorption occurs as physical adsorption [27]. Higher E, values indicate the adsorption of
PAT inhibitor on mild steel surface occurs as chemical adsorption [28].

The Gibbs free energy AG,qs for this process can be calculated form Equation 2 to
determine the adsorption isotherm for the anodic and cathodic reactions.

AGads = _RT In (55.5Kad5) (2)

where R is the ideal gas constant and K,gs is the adsorption process equilibrium constant. The
AGggs Values above 20 kJ/mol indicate that the adsorption is chemical adsorption. It was
found to be 37.45 kJ/mol, indicating strong interaction between the PAT molecule and the
surface of the metal sample in 1 M HCI solution.

The inhibitor performance in the acid solution on mild steel surface can be attributed to
adsorption on the metal surface, where its affected the charge density and performance of
the bonds between the metal surface and the inhibitor. The molecular structure of this
inhibitor is shown in Figure 1. The inhibition effectiveness of PAT relies fundamentally on
the nature and structure of the adsorbed layers on the alloy surface.

Our inhibitor comprises an aromatic benzene ring, a heteroaromatic ring and
heteroatoms N, O, and S, which have higher electron density that make the inhibitor a good
donor and make it form a protective layer on the metal surface where it can form coordination
bonds between the mild steel surface and the inhibitor [1, 29].

DFT Investigations

The elucidation of the considerable electronic impact of the studied inhibitor molecules
namely PAT with a hydroxyl (—OH) as a strong electron-donating group was investigated
by DFT. The phenyl ring in PAT molecule has a hydroxyl group at the para-position while
this hydroxyl group may move to the meta-position (PATa) and ortho-position (PATDb). For
the three molecular positions (ortho, meta and para), the contribution of the hydroxyl group
to both the HOMO and LUMO was similar with only small variations, as shown in Figure 5.
The geometrical optimization structures of the studied isomers PAT, PATa and PATDb are
displayed in Figure 5, and the electronic energies are listed in Table 2.

Table 2. Calculated energies, ionization potentials, and electron affinities (eV) for TAP, TAPa and TAPb
obtained with rB3LYP/6-31G(d,p).

Molecule  Enowmo ELumo Energy gap  lonization potential (I)  Electron affinity (A)
PAT -8.026 -2.190 5.836 8.026 2.190
PATa -8.022 —-2.868 5.154 8.022 2.868

PATD —-8.068 -3.034 5.034 8.068 3.034
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Geometrical Structure TAPb HOMO TAPD LUMO TAPDh

Figure 5. Optimized molecular geometry structures, HOMOs “highest occupied molecular
orbitals” and LUMOs “lowest unoccupied molecular orbitals”, of PAT, PATa and PATb
obtained through rB3LYP/6-31G(d,p).

The (1) and (A) values were calculated based on Koopmans’ theorem [34] as follows:

| = —Enomo; A=—ELumo

Vosta et al. [35] stated that there is an important correlation between the inhibition
efficiency, Enomo, and ELumo. Their results showed that the inhibition efficiency increases
with a decrease in the ionization potential, as they mentioned that the least firmly bonded
electrons in the limit HOMO orbital are those richest in energy. If the ionization of a
molecule is somehow favoured, the molecule acts as an electron donor to block the corrosion
reaction. Electron affinity analysis has shown effective inhibitors are bad electron acceptors.
Substances that are prone to reduction may behave as corrosion stimulators [35].
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The ionization potential is the energy required to remove electrons from atoms [36].
The ionization potential reflects the stability of molecules. A high value of ionization
potential will indicate a stabile molecule. Although the molecule is stable, when the
ionization potential is high, the molecule is excited less.

The approach of Al-Amiery et al. [37,38] was utilized to calculate the PAT inhibition
efficiency (%) using equations 3—5. The results are displayed in Table 3.

Iadd% = _TAB XTAB .100% (3)
BZ3

e,y % = Iadd%' le;\ % (4)

Ietheoryo/o = ITAB % + Ieadd % (5)

where 1,44% is the percent variation in the ionization potential of model x-PAT [x-PAT =
(PAT) or (PATa) or (PATb)] relative to that of PAT; also leaqs% and leneory% are the additional
and theoretical inhibition performances, respectively.

Table 3. Inhibition efficiencies (theoretical) for PAT, PATa and PATD.

Inhibition efficiency (%)

Compound
Theoretical (letheory) Experimental
PAT 90.82 90
PATa 88.57 —
PATb 82.73 -

These results indicate that transferring the hydroxyl group to a meta-position (PATDb)
decreased the inhibition performance to 82.73%, on the other hand, the inhibition
performance for the ortho-position for compound PATa became 88.57%. A comparison
between PAT and PATa inhibition efficiencies (99.82% vs. 88.57%) reveals that this change
in the substituent position clearly enhances the inhibition efficiency [39-44].

Functional groups which have non-shared electrons, like the hydroxy group (PAT),
provide superior performance if the substituent is arranged at para- or ortho-positions thus
active groups donate electron pairs to the n-system to make a negative charge on ortho- or
para-positions. These positions have superior activity toward the electron-poor electrophile.
The maximum electron densities were located at ortho and/or para-positions.

Conclusion

The thermodynamic part of this paper where the effect of temperature in the range 30, 40,
50 and 60°C on the behavior of N-(phenol-p-ylmethylene)-2-amino-5-ethyl-1,3,4-
thiadiazole (PAT) was studied proved that the adsorption of this compound on the metal
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surface occurred as chemical adsorption. The corrosion current (icorr) and corrosion rate are
higher when the temperature of the solution increases while the bonds of the corrosion
inhibitor molecules with mild steel surface weaken thus allowing the corrosion process to
occur more quickly.
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