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The efficiency of 5,5’-[butane-1,4-diylbis(sulfanediyl)bis(4-amino-4H-1,2,4-triazole-3-thiol)] (BATT)
as a corrosion inhibitor for mild steel in 2 M HCI was studied using polarization and electrochemical
impedance spectroscopy (EIS). The adsorption of the investigated inhibitor onto the steel surface was
found to follow Langmuir isotherm. The negative value of the free energy of adsorption, AGygs ensures
the spontaneity of the adsorption process. The temperature effect on the corrosion of steel in 2 M HCI
with and without inhibitor was also studied. Moreover, density functional theory (DFT) calculations
give a clear indication of strong molecular interaction between inhibitor molecules and iron surface.
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1. INTRODUCTION

Stainless steel has a wide scope of applications in different industries which resulted in
extensive research into its corrosion resistance in various aggressive environments. Acid solutions are
widely used in industry as acid cleaning, acid descaling, acid pickling and oil well acidising. In these
acid solutions inhibitors are required in order to protect metals and alloys from corrosion. Most of
well-known acid inhibitors are heterocyclic compounds containing n-bonds, heteroatom phosphorous,
sulfur, oxygen and nitrogen [1] as well as aromatic rings in their structure. The compounds that contain
both nitrogen and sulfur can provide excellent inhibition, compared with compounds containing only
nitrogen or sulfur [2,3]. Among various compounds that have been studied thiadiazole derivatives [4-
6], triazole derivatives [7] and triazole thiol derivatives [8]. Although various experimental and
theoretical techniques have been developed to study the structural properties of inhibitor molecules but
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not many investigations were concerned with the interactions that occurred between the adsorbed
molecules and metal surfaces.

The aim of this study is to investigate the corrosion of mild steel in 2 M HCI solution in the
presence of a triazole derivative namely 5,5’-[butane-1,4-diylbis(sulfanediyl)bis(4-amino-4H-1,2,4-
triazole-3-thiol)] (BATT) (see Fig. 1) and to simulate the interaction of its molecules on iron surface to
get information about the mode and energy of this interaction.
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Figure 1. The molecular Structure of BATT

2. EXPERIMENTAL

Steel rod with the following chemical composition (wt%) C: 0.31; Si: 0.21; Mn: 0.81; P: 0.014;
S: 0.017; Cu: 0.06; Cr: 0.02; Mo: 0.01; Ni: 0.02; V: 0.002 and balance Fe was fixed in a glass tube
using epoxy resin leaving a constant surface area of 0.5 cm? to contact solution. A pre-treatment was
carried out prior to each experiment, in which specimen surface was abraded with successive grades of
emery papers up to 1200 grade, rinsed with bi distilled water, degreased in ethanol before immersion
in test solution. The electrolytic solutions were prepared from analytical grade chemical reagent using
bi distilled water. The solutions were used as naturally aerated and unstirred at 293K, unless stated
otherwise. The molecular structure of the inhibitor is given in Scheme 1. The electrochemical
measurements were carried out using a conventional three-electrode cell. A platinum sheet was used as
auxiliary electrode and the reference electrode was Ag/AgCI electrode in saturated KCI solution.
Polarization measurements were carried out at a scan rate of 1 mV s™ using EG&G (Princeton Applied
Research) model 273A Potentiostat/Galvanostat interfaced to an IBM PS/3 computer. Electrochemical
impedance spectroscopy (EIS) measurements were carried out using the electrochemical workstation
IM6e Zahner-electrik (GmbH, Meftechnik, Kronach, Germany). The input signal was usually 10 mV
peak to peak in the frequency domain 0.1-10° Hz. Before impedance or polarization measurements, the
steel electrode was immersed in the test solution until a steady-state of the open circuit potential was
reached. For surface examination, the scanning electron microscopy (SEM) photographs were taken
with FEI Quanta 250 FEG instrument.
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2.1. Computational details

The geometry optimization of the inhibitor and the electrode unit cell were performed using
Gaussian 09W [9] at the DFT level of theory, using 6-31++G(d,p) basis set. The DFT calculations
were carried out with the hybrid three-parameter density functional method abbreviated as B3LYP,
which includes Beck’s 3-parameter gradient exchange correction function (B3) [10] and the Lee, Yang
and Parr correlation functional [11,12]. The geometry of the adsorbed inhibitor on the electrode was
initially guessed by semi-empirical calculation using the PM6 Hamiltonian method [13] using
quadratic convergent self-consistent Field (SCF) procedure [14]. This method is slower than regular
SCF with Pulay’s direct inversion in the iterative subspace (DIIS) extrapolation method [15] but is
more reliable. The energy of interaction Ej,; was calculated by a full geometry optimization using
B3LYP/LANL2DZ. The LANL2DZ basis set uses Los Alamos effective core potential (ECP) for core
electrons plus DZ [16-18], which have a lesser effect on chemical bond formation. By use of this basis
set, computational time and convergence difficulties are considerably reduced. The calculated E;,; were
corrected using basis set superposition error (BSSE) correction [19,20].

3. RESULTS AND DISCUSSION

3.1. Potentiodynamic polarization measurements
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Figure 2. Potentiodynamic polarization curves for mild steel in 2 M HCI in absence and presence of
different concentrations of BATT.

Figure 2 represents Tafel polarization curves of mild steel in 2 M HCI in the presence and
absence of various concentrations of the inhibitor BATT at 293K. It can be observed that both anodic
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and cathodic currents were reduced in the presence of BATT, but the reduction is more pronounced in
the cathodic current than anodic current which means that the addition of inhibitor molecules reduces
the anodic dissolution and also retards the hydrogen evolution (the main cathodic reaction in acidic
medium).

In acidic medium the reduction of H" ions at mild steel surface takes place through a charge
transfer mechanism [6]. The inhibitor molecules are first adsorbed onto the mild steel surface and,
therefore, blocking the active sites of the surface. In this way, the surface area available for H* ions is
decreased whereas the reaction mechanism is not affected [21].

The electrochemical kinetic parameters, i.e. corrosion potential (Ecor), cathodic and anodic
Tafel slopes (Bc and B,) and corrosion current density (icorr), Obtained by extrapolation the Tafel lines,
are presented In Table 1. The inhibition efficiency (n%) was calculated according to the relation [22]:

iO

77% _ corrio_ lorr x100 (1)

corr

Where %, and i are the corrosion current densities in the absence and presence of inhibitor,
respectively. Data represented in Table 1 also reveals that the inhibition efficiency, (n%) increases
with increasing the inhibitor concentration indicating a higher coverage of inhibitor at higher
concentrations of inhibitor.

Table 1. Polarization parameters for mild steel in 2 M HCI in absence and presence of different
concentrations of BATT at 293K

Inhibitor Ecorr / MV icorr / Ba/ B/ Inhibition
concentration / (Ag/AgCl) pAcm?  mVdecade! mV decade® efficiency n/
mmol L™
- -406.0 379.9 98.99 131.8 -
0.01 -433.3 43.91 122.7 88.18 88.44
0.05 -440.8 21.65 65.71 91.71 94.30
0.10 -443.0 17.62 66.21 95.53 95.36
0.50 -458.3 14.62 53.46 97.32 96.15
1.00 -451.8 7.48 60.30 79.14 98.03

The cathodic polarization curves give rise to parallel Tafel lines with close values of cathodic
Tafel slopes (Bc) indicating that the addition of inhibitor to the aggressive solution does not modify the
proton reduction mechanism and this reaction is activation-controlled. The inhibitor is adsorbed on the
metal surface blocking the active sites available for H* ions reduction but the actual reaction
mechanism remains unaffected [23].

A compound can be classified as an anodic or a cathodic type inhibitor when the change in the
corrosion potential, Ecor Value is larger than 85 mV [24]. Since no such large displacement exhibited
by BATT in the values of E. (Table 1), then this molecule can be considered as a mixed-type
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inhibitor. The value of the corrosion potential, Ec is shifted to more negative potentials on addition of
increasing concentrations of BATT which proves that the inhibitor affects the cathodic reaction more
than the anodic reaction. Accordingly, BATT can be considered as a mixed type (anodic/cathodic)
inhibitor with a predominantly cathodic reaction.

3.2. EIS measurements

EIS provides a rapid and convenient way to evaluate the performance of the organic-coated
metals and has been widely used for investigation of protective properties of organic inhibitors on
metals [25]. Figure 3 shows the Nyquist plots for mild steel in 2 M HCI solution in absence and
presence of different concentrations of BATT at 20 °C. It is obvious that plots are in the form of
semicircles which have diameters increases with increasing the concentration of the solution indicating
adsorption of inhibitor molecules on the metal surface. The impedance spectra for the Nyquist plots
were analyzed by fitting to the equivalent circuit model shown in Fig. 4.
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Figure 3. Nyquist impedance plots for mild steel in 2 M HCI in absence and presence of different
concentrations of BATT.
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Figure 4. The equivalent circuit model used to fit the experimental impedance data.
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The equivalent circuit model consists of two circuits in series, R1Q; and R,Q, parallel
combination and the two are in series with Rs. In this model, Rs, represents the electrolyte resistance,
Q1 is capacitance of the double layer and R; is the charge transfer resistance, whereas, Q, and R, are
the capacitance and resistance of the passive layer on the steel surface, respectively. The fitted values
of resistances and capacitances are listed in Table 2. From the obtained data in the table it can be
observed that the film resistance, R, increases with increasing the inhibitor concentration while the
capacitance, Q, decreases, indicating the formation of a protective film on the metal surface whose
thickness increases with the increase in inhibitor concentration [26].

Table 2. Impedance parameters for mild steel in 2 M HCI in absence and presence of different
concentrations of BATT at 293K

Inhibitor

Concentration/

mmol L

- 0.5090 15.1350 248.80 0.997 40.805 119.26 0.837 -
0.01 0.5060 29.3750 121.60 0.966 406.680 87.660 0.866 89.96
0.05 0.4515 33.8450 146.82 0.960 435.70 38.640 0.911 90.64
0.10 0.6410 32.1900 99.960 0.960 469.85 22.480 0.890 91.32
0.50 0.3550 26.5500 119.20 0.954 475.10 22.880 0.895 91.41
1.00 0.3545 26.1350 95.240 0.990 658.50 19.590 0.897 93.80

The percentage inhibition efficiencies of different concentrations of BATT were calculated
using the following equation:

Roinm — Rouni
77%: 2(inh) 2(uninh) x100 (2)

2(inh)

Where Rowninny and Ragnny are the film resistance in absence and presence of inhibitor,
respectively. The percentage inhibition efficiencies and values of different components in the
equivalent circuit model are given in Table 2. The data of Table show that addition of BATT into the
acid media leads to increase in the value of R and consequently the inhibition efficiency which may
suggest the formation of a protective layer of increasing thickness on the metal surface [27].

3.3 Adsorption isotherm

Corrosion inhibition occurs via adsorption of the organic molecule on the corroding metal
surface, following some known adsorption isotherms, with the polar groups acting as the reactive
centers in the molecules. The resulting adsorption film acts as a barrier that isolates the metal from the
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corroding environment and the efficiency of inhibition depends on the mechanical, structural and
chemical characteristics of the adsorption layers formed under particular conditions.
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Figure 5. Langmuir adsorption isotherm plot of BATT on mild steel in 2 M HCI at 293K.

The adsorption isotherms describe the molecular interaction between the inhibitor molecules
and the active sites on the metal surface [28]. Several adsorption isotherms were tested in order to find
the best suitable adsorption isotherm describing the adsorption of BATT onto mild steel in 2 M HCI
where Langmuir adsorption isotherm was found the most suitable one. Langmuir adsorption isotherm
can be expressed by the following equation [29]:

Cin _
0

% +C,, €))
ads
Where 0 is the degree of coverage on the metal surface, Ciyy, is the inhibitor concentration in the
electrolyte and Kygs is the equilibrium constant for the adsorption/desorption process. A representative
Langmuir adsorption isotherm using potentiodynamic polarization data is given in Fig. 5.
The value of equilibrium constant, K,gs calculated from the reciprocal of the intercept of the

isotherm line was found to be 833.3 L mol™. The standard free energy of adsorption, AGags can be
evaluated according to the relation:

AG!, =—RTIn (55.5K ) @)

The standard free energy of adsorption values of —20 kJ mol™ or less negative values are
exhibited when an electrostatic interaction between charged molecules and charged metal surface
(physical adsorption), whereas values of —40 kJ mol™ or more negative involves charge sharing or
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transfer from the inhibitor molecules to the metal surface to form a coordinate covalent bond [30]. The
calculated standard free energy of adsorption for BATT was found -16.38 kJ mol™, which ensures that
adsorption is spontaneous and adsorption type is physical [28,31].

3.4 Effect of temperature

The activation energy of corrosion process can be obtained by investigating the influence of
temperature on the corrosion and corrosion inhibition. Consequently some information about
adsorption mechanism of the inhibitor can be obtained from the activation energy values. A plot of In
icorr VS T 0beys Arrhenius equation [32]:

: E
Ini,_ =- ;} + constant (5)

The potentiodynamic polarization measurements were performed at different temperatures
(from 293K to 323K) in the absence and presence of BATT. It was found that the corrosion current
density increases with the increase in temperature both in uninhibited and inhibited solutions (Fig. 6).
The activation energy was calculated from the slope of the linear relation and found to be 57.13 and
54.77 kJ mol™ in absence and presence of BATT, respectively. The lower value of activation energy in
the presence of inhibitor may be attributed to the chemisorptions of the inhibitor [33] which is not our
case. Other explanation is that the inhibitor is adsorbed on the most active adsorption sites (having
lower energy) and the corrosion process takes place predominantly on the less active sites of higher
energy resulting in increase of activation energy than in uninhibited solutions [34].
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Figure 6. Arrhenius plots for mild steel in 2 M HCI in absence and presence of 0.1 mM BATT.
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3.5. Quantum chemical calculations

The optimized geometry of BATT is shown in Fig. 7. The positions of atoms were carefully
checked by testing all possible free rotations to achieve a global minimum which is further confirmed
by a frequency calculation. The structure has symmetrical bond lengths due to possessing C; point
group. The natural bond order atomic charges are shown in Fig. 7.
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Figure7. The optimized geometry of BATT (bond lengths are in A) and natural bond orbital atomic
charges.
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Figure 8.The molecular orbital plots of (a) HOMO and (b) LUMO.

The most negative atom is the nitrogen of the amino group (0.674) followed by the aliphatic
carbons in CH; chain (-0.57 ~ 0.47). Atomic charges suggest a possibility of interaction between
aliphatic carbons and steel. The molecular orbital plot of highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) are shown in Fig. 8. HOMO is localized over one
triazole ring while LUMO is localized on the other triazole ring this suggests that only one triazole ring
is involved in the adsorption over steel.

Table 3. Total energy, energy of HOMO, LUMO, AE and interaction energy Ei, in kCal/mol and
dipole moment in debye.

BATT 1,2,4-Triazole

Total E -1470903.336 -152025.753
EnHomo -138.454 -178.658
ELumo -16.378 -11.847

AE 122.076 166.811

u, Debye 0.0025 2.945
Eint(BSSE) 85.05 32.14

The calculated parameters such as energy of HOMO, LUMO and dipole moment (u) of BATT
and 1,2,4-triazole are given in Table 3. The values are compared to 1,2,4-triazole since it is the base of
our Inhibitor and it has a well known inhibition efficiency [35]. Eqomo Often indicates the electron
donating ability of the molecule and so inhibition efficiency increases with Exomo. The energy gap
(AE) between LUMO and HOMO is a parameter with the smaller value causes higher inhibition
efficiencies of the molecule [36,37]. Both Eqomo and AE indicates higher inhibition efficiency of
BATT over 1,2,4-triazole. The dipole moment (p) is almost zero because of symmetry. This explains
the weaker solubility of the BATT in polar solvents.

The optimized unit cell of steel is a body centered cube which is shown in Fig. 9a. The distance
between Fe atom in the center and Fe atoms at the corners is 2.085 A and the edge distance is 2.408 A.
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Multiple of the unit cell were used to calculate the interaction energy. The optimized geometry of the
adsorbed BATT on steel is shown in Fig. 9b. The triazole compounds studied here are organic bases

which can be protonated in an acid medium, at the nitrogen atoms.

Fe Ce

Fe Fe

(a)

Fe

e

Figure 9. The optimized geometry of (a) steel unit cell and (b) adsorbed BATT on steel (bond lengths
are in A).

Thus, they become cations, the inhibitor cation adsorbs on the metal surface and releases
protons. The overall process is shown in reaction (8).

Inhibitor molecule + H™——— Inhibitor cation (6)
Inhibitor cation + Cluster —— Inhibitor — cluster + H* (7)

Inhibitor molecule + Cluster —— Inhibitor — cluster (8)
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Therefore, the interaction energy between the inhibitor molecule and the metal surface, Eiy, is
the sum of the energies of steps (6) and (7) and can be calculated according to Eq. (9):
E.=E

- (E + Ecluster) (9)

int inhibitor —cluster inhibitor

Where, Einnibitor_clusters Einhibitor N0 Ecuster are electronic energies of the inhibitor—mild steel
system, the inhibitor compound and the mild steel cluster, respectively. The values of Ej, and the
binding energy (Epinging = - Einteraction) are shown in Table 3. The high value of Ei, suggests that
adsorption via many centers. Fig. 9b shows that many sites of interaction exist between BATT and
steel mainly on the triazole ring and some weaker interactions occur between the sulfur and steel as

well as aliphatic CH, and steel.

3.6 Scanning electron microscopy

Figure 10. SEM images of mild steel surface after 2h immersion in (a) 2 M HCI (b) 2 M HCI
containing 0.1 mM BATT at 293K.
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Scanning electron microscopy photographs obtained for mild steel surface after immersion in 2
M HCI solution for 120 min in the absence and presence of 0.1 mM BATT are shown in Fig. 10. The
steel surface was greatly corroded in HCI solution in absence of BATT (Fig. 10a). On the other hand, it
can be observed that the addition of BATT results in formation of a protective layer on the surface
which greatly reduces the corrosion rate (Fig. 10b).

4. CONCLUSIONS

> The studied triazole derivative BATT greatly inhibits the corrosion of steel in 2.0 M
HCI and the inhibition efficiency increases with increasing the inhibitor concentration.

> The results of potentiodynamic polarization reveal that the used inhibitor affects the
cathodic reaction more than the anodic but still a mixed type inhibitor.

> The adsorption of BATT on steel surface obeys Langmuir isotherm and its mode is
physical adsorption.

> DFT calculations reveal that BATT has many sites of interaction with steel which
explains its high energy of interaction. Energetic explains the higher inhibition efficiency of BATT
over 1,2,4-triazole.
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