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Abstract

The inhibition performance of 5-amino-1,3,4-thiadiazole-2-thiol (5-ATT) on aluminium corrosion in acidic
medium was investigated using experimental and theoretical approach. The weight loss measurements
demonstrated that the inhibition efficiency increased with an increase in concentration of 5-ATT but decreased at
elevated temperatures. The inhibitor molecule exhibited the highest inhibition efficiency of 94.28 % at 2.0 mM
for T=308 K. The adsorption of the 5-ATT on aluminium surface in acid solution was found to obey the Langmuir
isotherm and the value of AGgy, suggest a combination of both physisorption and chemisorption mechanisms.
Scanning electron microscopy analysis demonstrated the adsorption of 5-ATT on the aluminium surface which
justified the observed anticorrosion activity. Besides, the correlation between inhibition performance and the
electronic structure parameters of the inhibitor was theoretically elucidated via quantum chemical calculations.
Molecular dynamics simulations were engaged to provide insights into the mechanism of interaction between the

inhibitor and the aluminium surface. The theoretical outcomes highlighted the ability of the 5-ATT to adsorbed

favourably on the Al (1 1 0) surface in parallel orientation.
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1. Introduction

Corrosion protection of metallic materials has been a subject of intense research due to huge economic
and safety misfortunes as a result of corrosion in various industries. The corrosion can cause a substantial
loss of energy and contributes to environmental degradation [1]. Aluminum and its alloys are among the
most widely used materials because of their lightness, oxidation resistance, low cost, high electrical
capacity and prevailing mechanical strength. They are employed in various industries, especially the
marine, electronics, aerospace, constructions, household and food industry [2,3]. Nowadays,
hydrochloric acid solutions are heavily used in industries, mainly in acid stripping of aluminium,
industrial cleaning, pickling and descaling [4,5]. There is, however, a major risk to use acid solutions
because aluminium is aggressively attacked by acid solutions which affects the integrity of the metal
surface. In aqueous solution, aluminium exhibit excellent corrosive resistance owing to its ability to form
a stable thin oxide film on its surface which protect it from the corrosion phenomenon. However, this
film has an amphoteric receptivity and substantially dissolves when aluminium is in contact with
aggressive media such as HCI [6]. The chloride ions of the acid have the ability to initiate pitting
corrosion at vulnerable sites of the film-protected metal. Consequently, it is necessary to discover
effective methods to safeguard aluminium from corrosion in acidic media and avert the allied economic
losses.

Several approaches have been described in literature for the protection of metals against corrosion in
aggressive media. The use of organic compounds containing heteroatoms such as P, N, O and S, polar
functional groups and conjugate system as corrosion inhibitors is one of the most popular, cost-effective
and practical strategies for mitigating corrosion in acidic solutions or other corrosive environment [7,8].
The inhibitive properties of most organic molecules is often ascribed to their adsorption capability on
the metal surface, which hampers the corrosion reactions occurring on metal surface, thereby protecting
the metal and increasing the life span. Recently, due to stringent environmental regulation, the choice
of corrosion inhibitors has been geared towards the use of inhibitors that are less toxic, biodegradable,
inexpensive and ecologically friendly [9,10]. In this regard, heterocyclic compounds are widely used for
corrosion inhibition in acidic media because of their low toxicity and excellent adsorption characteristics
[11].

According to literature, only a few studies have been conducted regarding the corrosion inhibition
efficacy of 5-amino-1,3,4-thiadiazole-2-thiol on metals in aggressive media [12,13]. To the authors’ best
knowledge, no report has been documented so far on the anticorrosive effect of this compound towards
the corrosion of aluminium in acidic medium. Hence, the inhibitive properties of 5-amino-1,3,4-

thiadiazole-2-thiol on aluminium corrosion in 1 M HCI solution was investigated by employing both
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experimental and theoretical approaches. The inhibition performance of the target inhibitor was assessed
using weight loss analysis. Additionally, both quantum chemical computations and molecular dynamics
simulation were further engaged to explore the adsorption properties of the inhibitor on aluminium

surface.

2. Experimental details

2.1. Materials and solutions

Aluminum sheet of chemical composition (Wt%): Al (99.50), Fe (0.3202), Si (0.0085), Ti (0.0074), Zn
(0.0060), Ni (0.0045), Cr (0.0041), Mn (0.0030), Sn (0.0024), Mg (0.0018), Cu (0.0015) and Pb (0.0007)
was employed as test material for all weight loss experiments. The aluminium sample was cut into
specimens of dimension 2.5 cm x 2.5 cm x 0.3 cm. Prior to each anticorrosion test, the surfaces of the
aluminium specimens were mechanically abraded with SiC emery papers of different grit sizes (600-
1200). After that, the polished surface was cleaned with bi-distilled water, degreased with acetone
(99.5%), washed with absolute ethanol and finally dried with a clean towel paper. The aluminium
specimens were used for corrosion test immediately after surface preparation. The aggressive medium
of 1 M HCI was prepared from 37% analytical grade HCI using bi-distilled water. The 5-amino 1,3,4-
thiadiazole-2-thiol (5-ATT) employed as corrosion inhibitor in the present study has been applied at

concentrations ranging from 0.1 to 2.0 mM. The chemical structure of 5-ATT is displayed in Fig. 1.
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Fig. 1. Chemical structure of 5-amino-1,3,4-thiadiazole-2-thiol (5-ATT).

2.2. Weight loss experiment

Aluminium specimens with the previously stated chemical compositions and dimensions 2.5 cmx 2.5
cmx 0.3 cm were used for all weight loss measurements. The initial weights of the thoroughly polished
specimens were recorded before immersion in the test solution. The experiments were performed in a
thermostatically controlled water bath with the specimens immersed into beakers containing 1 M HCl
(100 mL) corrosive solutions one without the 5-ATT inhibitor (blank), and the others with varying
concentrations of 5-ATT (0.1-2.0 mM) for 6 hours and at different temperatures (308—338 K).

Afterwards, the specimens were retrieved from the corrosive solutions, cleaned appropriately until the
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corrosion products on the specimens’ surface were removed, then dried and finally reweighed. Weight
loss tests were likewise carried out at different time, that is, 3, 6, 9 and 12 h to analyze the influence of
immersion time on the corrosion phenomenon. The loss in weight of specimen was computed which is
basically the weight difference of the Al specimens before and after immersion in the acidic solution.
All the experiments were run in triplicate to ensure reproducibility, and the average values were reported
in each case.

The corrosion rates (Cg; mg. cm™ h™") and inhibition efficiency (IE; %) were determined from the weight
loss data as per eqs 1 and 2 [14]:

Wi —W,

Cr = A (1)

Cr — Ck
— X 100 (2)
Cr
where W, and W, represent the weight (mg) of aluminium specimen before and after immersion in the

IE (%) =

test solution; A signifies the exposed area of aluminum specimen (cm?®); t is the immersion time (h);
°and Ck represent the corrosion rate (mg. cm™ h™') in the absence and presence of 5-ATT inhibitor,

respectively.

2.3. Computational quantum studies
Quantum chemical calculations were carried out using DMol’> module under DFT approximation of a
Materials Studio software (version 8.0). The molecular structure of the tested inhibitor was sketched
using ChemDraw Ultra 7.0 software. DFT calculations at the Becke’s three-parameter hybrid functional
with the LYP correlation functional (B3LYP) using a double numerical basis set (DND) were performed
to explore the electronic properties of the tested molecule. After the geometry optimization step, the
electronic density distributions (HOMO, LUMO) and some relevant quantum chemical indexes, i.e.,
energy of HOMO (Enomo), energy of the LUMO (Erumo), energy gap (AE = ELumo — Enomo), ionization
energy (I), electronic affinity (A), chemical hardness (7), softness (S), global electronegativity (y),
chemical potential () and electrophilicity index (w) of the molecule were estimated and discussed.
Other parameters describing the local selectivity of the 5-ATT molecule such as the condensed Fukui
functions and the dual descriptor are also considered.
The ionization energy and the electronic affinity were linked to the energies of the HOMO and LUMO
orbitals as follows [15]:

I'=—Enomo (3)

A = —Erymo (4)

The global electronegativity () and the chemical hardness (1) and of a chemical system are expressed
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by the following equations:

[+A
X=——=—u 5)
. I—A
n=—- (6)
The softness (S), which is the inverse of the global hardness, is given as:
1 2
S = FTIA (7
The electrophilicity index (w) was calculated using the following equation [16]:
X2
®= o0 (8)

The fraction of electrons (AN), transferable from the inhibitor molecule to the metallic surface was

calculated using the following equation [17]:

_ q) — Xinh
2(M a1 + Minn)

where ¢ and 7, signify the work function and absolute hardness of Al mainly accepted as 4.28 eV and

AN 9)

0, respectively; xinh and Minn represent the electronegativity and hardness of the inhibitor, respectively.
The nucleophilic (f") and electrophilc (fi") Fukui functions as well as the dual descriptor (Af) were
predicted on the basis of the finite difference approximation as follows [18]:

fi =aqN+1)—q(N) (10)

fii = qe(N) —q(N—-1)  (11)

Af(k) = ff — £ (12)
where qx denotes the electronic population of an atomic site within a molecule in its anionic (N + 1),

neutral (N), or cationic (N — 1) state.

2.4. Molecular dynamics simulation

The simulation of adsorption of 5-ATT molecule on Al surface was done using Forcite module of the
Materials Studio package. Drawing tools in visualized materials are employed to construct 5-ATT
molecule as well as aluminium surface. The Al (1 1 0) plane being the greatest stable surface was adopted
to represent the metallic substrate. The interplay between 5-ATT and Al surface was assumed in a
simulation box (29.99 A x 25.26 A x 27.68 A) with periodic border conditions. An adequate vacuum
region of 40.00 A was used to avert the possible intersupercell interactions that can be caused by the
periodic border condition. In acidic solution, the -NH, group of 5-ATT have a great tendency to be

protonated. Thus, the protonated 5-ATT molecule was engaged in the simulation. Moreover, the spatial
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position of aluminium atoms in Al (110) were kept fixed, and the surface plane was loaded with water
molecules (400), chloride (23), hydronium ions (24) along with a protonated inhibitor molecule. The
simulation was carried out at 303.0 K under the COMPASS force field and the NVE ensemble using
time step of 1.0 fs and simulation time of 500 ps. The interaction energy EaLinnibitor b€tween the 5-ATT
molecule and the Al (110) surface was estimated according to the following equation [19]:
Eal-inhibitor = Etotal — (Ealtsolution * Einnibior) ~ (13)

where E1o, denotes the total energy of the full system; Eaj +somtion Signifies the total energy of the Al
(110) and solution without an inhibitor molecule, Einnivitor represents the total energy of free inhibitor

molecule. The binding energy was the negative sign value of interaction energy as follows:

Ebinding = _EAl—inhibitor (14)

2.5. Surface examination studies

For surface morphological studies using SEM, the cleaned aluminium specimens (2.5 cm x 2.5 cm x 0.3
cm) were examined before and after 6 h immersion in 1 M HCI blank solution, and inhibited solution
with 2.0 mM of 5-ATT at 308 K. After 6 h, the specimens were retrieved, cleaned appropriately and
then dried at room temperature. The morphology of all samples was observed via SEM instrument (PRO:
X: Phenonm World 800-07334) operating at an accelerating voltage of 15 kV, and images were obtained

at 500x magnification.

3. Results and discussion

3.1. Weight loss analysis

3.1.1. Effect of inhibitor concentration

The experimental data of corrosion rate and inhibition efficiency for aluminium in 1 M HCI in the
absence and presence of different concentrations of 5-ATT at 308 K are disclosed in Table 1. It is evident
from this Table that on increasing the concentration of 5-ATT inhibitor, the corrosion rate decreased and
thus, reflecting an increase in inhibition efficiency. This implies that on increasing the concentration,
inhibitor molecules are adsorbed on the aluminium surface to the greater extent by providing a wider
surface coverage. Consequently, a barrier film is formed which restricts the interaction between the metal
and the corrosive solution. Thus, the maximum inhibition performance of 93.72% was obtained when
the test solution was pretreated with 2.0 mM of the inhibitor. The corrosion suppression ability of the 5-
ATT molecule can be attributed to the presence of lone pair of electrons on the heteroatoms (N and S)
as well as the m-electron system in it structure which synergistically increased the electron density at

adsorption sites on the molecule, thereby enhanced its adsorption proficiency and hence increased its
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corrosion inhibition performance [20].
Table 1. Corrosion parameters obtained for aluminium in 1 M HCI containing different concentrations

of 5-ATT at 308 K.

Conc. (mM) Cr (mg. cm™ h™) IE (%)
Blank 7.65 —

0.1 3.71 51.50
0.5 1.61 78.95
1.0 1.03 86.53
1.5 0.67 91.24
2.0 0.48 93.72

3.1.2. Effect of immersion time

The results of weight loss analysis performed in 1 M HCI in the presence of 2.0 mM 5-ATT inhibitor
for varying immersion time at 308 K are presented in Table 2. The results clearly demonstrate that the
corrosion rate decreases and the inhibition efficiency increases by prolonging the immersion time. The
increase in inhibition efficiency with increasing time may be ascribed to the restriction of access of the
corrosive agent to the metal surface by the accumulated corrosion products. Similar trend was reported

elsewhere [12].

Table 2. Variation of Cr and IE with immersion time for aluminium corrosion in 1 M HCl in the

absence and presence of 2.0 mM concentration of 5-ATT at 308 K.

Time (h) Cr (mg.cm™ h™) IE (%)
3 0.88 89.28
6 0.48 91.59
9 0.36 93.36
12 0.31 94.28

3.1.3. Effect of Temperature

Temperature is one of the key factors that influence the corrosion phenomenon of metallic materials.
The most of complexes formed during inhibition process can readily dissolve when temperature increase,
which results in an appreciable decrease in the anticorrosion properties of molecules employed in the
inhibition of metals corrosion. In order to determinate the stability of the tested inhibitor, weight loss
measurements have been carried out in uninhibited and inhibited test solution at 308 K, 318 K, 328 K

and 338 K. The results reported in Table 3 show that the values of corrosion rate in the absence and
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presence of 5-ATT increase clearly with rising temperature. However, the inhibition efficiency decreases
with the increase in temperature of the corrosive medium. The decrease in inhibition efficiency with
temperature was essentially due to the desorption of inhibitor molecules at the elevated temperatures
[21].

Table 3. Corrosion parameters obtained for aluminium in 1 M HCI containing different concentrations

of 5-ATT at varying temperatures.

Conc. Cr (mg.cm™ h™) IE (%)

(mM) 308K 318K 328K 338K 308 K 318K 328K 338K
Blank | 7.65 9.40 13.3 17.4 — — — —
0.1 3.71 5.12 7.98 10.76 51.50 45.53 40.00 38.16
0.5 1.61 2.58 3.75 5.01 78.95 72.55 71.80 70.20
1.0 1.03 1.61 2.39 3.32 86.53 82.87 81.03 80.90
1.5 0.67 0.98 1.70 2.38 91.24 89.57 87.21 86.32
2.0 0.48 0.79 1.21 1.75 93.72 91.59 90.90 89.94

The Arrhenius and transition state equations have been employed to express the temperature dependence

of the corrosion rate. This is expressed using the following equations [22]:

logCg = +logA (15)

—La
2.303RT

o) en ()
8{7) = |'°8\§n) T2303R| 2303 RT (1Y

where, E, signifies the activation energy; T is absolute temperature; R is the gas constant (8.314 J mol™

K'); A is the Arrhenius pre-exponential factor; N is Avogadro's number; h is Planck's constant, AS* and
AH* are the entropy and enthalpy of activation, respectively.

Fig. 2 illustrates the Arrhenius and transition state plots for dissolution of aluminium in 1 M HCl in the
absence and presence of different concentration of 5-ATT. The values of E, were obtained from the
gradients of straight lines in Fig. 2a. The values of AS* and AH* were also determined from the intercept
and gradient of straight lines in Fig. 2b, respectively. The values of the corresponding extracted
parameters are listed in Table 4.

The estimated activation energies for the inhibited solutions were found to be higher in comparison to
the uninhibited solution. The higher values of Ea for inhibited solution correspond to the increase in the
energy barrier for metallic dissolution process in the presence of inhibitor molecules [23]. Besides, the
positive values of activation enthalpy (AH*) reflected the endothermic behavior, resulting in a slow

process of metal dissolution. The values of the activation entropy (AS*) displayed in Table 4 decreases
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less negatively with the presence of the 5-ATT inhibitor. This signify the formation of a stable layer of
this inhibitor on the aluminium surface. Meanwhile, the negative sign of AS* implies that the activated
complex represents an association rather than a step of dissociation, which suggest a decrease in disorder

on transition from reactant to the activated complex [21,22].
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Fig. 2. (a) Arrhenius and (b) transition state plots for aluminium corrosion in 1 M HCI in the absence

and presence of different concentration of 5-ATT.

Table 4. Activation parameters for dissolution of aluminium in 1 M HCl in the absence and presence of

different concentration of 5-ATT.

Cinn (MM) E, (kJ mol™) A (mg cm™) AH (kI mol™) | AS" (J mol' K™)
0.0 23.77 7.8x 10" 20.54 -181.96
0.1 30.17 2.6x10° 27.80 -174.51
0.5 32.42 3.5x 10° 28.78 -173.76
1.0 33.26 3.6x10° 29.91 -172.85
1.5 36.25 55x10° 30.69 -172.22
2.0 37.00 9.1x 10’ 33.25 -170.57
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3.2. Adsorption isotherm and thermodynamic considerations
The adsorption of inhibitors on the metal surface has been established as the first step in the corrosion
inhibition process and is regarded as a substitution reaction between the organic inhibitor molecules in
the aqueous phase and water molecules adsorbed on the metal surface [24]:

Ol(aq) + 1 H;0(ag5) = Olags) + 1 Hy0(,) (17)
where, Ol(,q) and Ol,gs) denote the organic inhibitor molecules that exist in solution and in adsorbed
form on the metal surface, respectively, and the size ratio which signifies the number of water molecules
replaced by one molecule of organic adsorbate, is denoted as n.
Adsorption isotherm provides crucial insight about the interaction between the inhibitor molecules and
metal surface. The inhibitors can adsorbed on a corroding metal surface either physically or chemically,
where the molecules physisorbed slow metal dissolution by inhibiting the cathodic reaction while
chemisorbed molecules inhibit the anodic reaction by reducing the reactivity of the metal at adsorption
sites [25]. Thus, the adsorption mechanism depend on the electronic structure of inhibitor molecule,
nature of metal surface and the electrolyte type [20]. In this study, several adsorption isotherms including
Langmuir, Temkin, Frumkin and Flory-Huggins have been employed to elucidate the adsorption
behavior of 5-ATT on the aluminium surface. The Langmuir adsorption isotherm exhibited the best fit

to the experimental data which is defined by the following equation [26]:

|
S/ Kads

+C (18)

where K,qs 1s the adsorptive equilibrium constant; C is the concentration of inhibitor and © is the surface

coverage which can be calculated as per eq. 19:
0= M (19)
Cr
where C3 and Ck denote the corrosion rate in the absence and presence of 5-ATT inhibitor, respectively.
The plots of C/© against C (Fig. 3) obtained at varying temperature yielded straight lines (R* > 0.99),
indicating that adsorption of 5-ATT on aluminium surface obeys Langmuir isotherm more accurately
compared to other isotherms. The adsorption energy AGJ, is a key thermodynamic parameter which is
linked to the adsorptive equilibrium constant (K,gs) based on the following equation [22]:
AGY4s = —RT In(55.5 K,qs) (20)
where R is the universal gas constant and T is the absolute temperature. The constant value of 55.5
represents the molar concentration of water in solution. The changes in standard adsorption enthalpy
(AHZ,,) and entropy (ASZ2;,) can be determined using the fundamental thermodynamic equation:

AGS4s = AHRy — TASY 4 (21)

ads
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The values of ASZ,;; and AHS ;were estimated from the gradient and intercept of the plot of AG 2, versus
T presented in Fig. 4. The extracted thermodynamic parameters are collected in Table 5. Generally, the
high values of K4 inferred the strong adsorption of the 5-ATT on the aluminium surface, and
subsequently a superior inhibition behavior [27]. It is observed also that K,4s values decreases with rising
temperature, signifying that the interactions between the adsorbed molecules and the aluminium surface
are weakened and, consequently, the adsorbed molecules become easily removable. The negative values
of AGJ,saffirm that the 5-ATT was adsorbed spontaneously on the metal surface. Prosaically,
AG2,.values up to —20 kJ mol™ are compatible with the electrostatic interactions between the charged
inhibitor molecules and charged metal surface (physical adsorption), while those more negative than
—40 kJ mol™ involve charge transfer or sharing from the inhibitor molecules to the vacant d-orbitals of
the metal surface to form a coordinate covalent bond (chemical adsorption) [28,29]. In the current study,
the calculated values of AGS,; range from —33.86 to —32.08 kJ mol ™', suggesting that the adsorption of
5-ATT on the metal surface might involve a combination of both physisorption and chemisorption
mechanisms [21,30]. From the results in Table 5, the value of AHZ;, is negative which reflects the
exothermic nature of the adsorption process. In general, an exothermic process is mostly attributed to
either physisorption or chemisorption, while endothermic adsorption process infer chemisorption [31].
The positive value of AS?,, implies that the adsorption process is accompanied by entropy increase,
which is ascribed to water molecules displacement from the metal surface by inhibitor molecules [12,13].
Altogether, the results reflect the mixed physicochemical character of the adsorption of the 5-ATT

molecules onto the metal surface.

0,0025
0,002
0,0015
¢ €308 K
()
~
o W318K
0,001
328 K
0,0005 X338K
0
0 0,0005 0,001 0,0015 0,002 0,0025

C (M)

Fig. 3. Langmuir’s isotherm plots for adsorption of 5-ATT on aluminium surface in 1 M HCl
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Fig. 4. Plot of AG®,qs versus T for estimation of thermodynamic parameters

Table 5. Thermodynamic adsorption parameters of 5-ATT on aluminium in 1 M HCI at different

temperatures.
T (K) Kags (x 10° M) | AHS, (kJ mol™) AS2;s (I mol 'K | AGS,, (kJ mol™)
308 10.00 —54.66 67.40 —33.86
318 5.88 —33.56
328 4.98 —32.16
338 4.76 —32.08

3.3. Quantum chemical calculations

3.3.1. Global reactivity descriptors

Quantum chemical calculations using the B3SLYP/DND level of theory were undertaken to gain insight
about the geometric and electronic properties of the 5-ATT. Optimized molecular structure and Frontier
molecular orbital’s density distribution obtained are depicted in Fig. 5. It is clear from the Fig. 5, that
the isodensity in HOMO and LUMO of 5-ATT is evenly distributed throughout the entire molecular
structure of the inhibitor molecule, suggesting a parallel adsorption onto metal surface. This could result
in enhanced adsorption of the inhibitor on the aluminium surface through dual interactions, that is,
interactions between the unshared electron pair of heteroatoms and the unoccupied d-orbitals of metal
atoms. The computed quantum chemical parameters are shown in Table 6. The ionization potential
corresponds to the HOMO energy and thus demonstrates the susceptibility of an inhibitor molecule to
donate an electron [30]. Higher HOMO energy potentially leads to a higher electron donating ability,
whereas the LUMO energy corresponds to the electron affinity and portrays the propensity of the

molecule to accept electron [32].
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Fig. 5. Optimized molecular structure (left), HOMO (center) and LUMO (right) distribution for 5-ATT

In our case, 5-ATT has a high value of HOMO energy (—4.752 eV) and a low value of LUMO energy
(—1.084 eV). It has been reported that good corrosion inhibitors are usually those compounds that can
play the dual roles; donating electrons to vacant orbital of the metal and acquiring free electrons from
the metal surface [25]. Thus, the incompletely filled 3p orbital in aluminium could interact with the
HOMO of 5-ATT whereas the filled 3s orbital could bond with its LUMO [22].

The donor—acceptor interactions can also be measured by the number of transferred electrons from the
corrosion inhibitors to the metal surface. The positive AN value (0.743) reflect the greater tendency of
the inhibitor molecule to share its electrons with the metal surface [32]. The energy gap (AE) is a key
parameter for diagnosing chemical reactivity and stability of inhibitor molecule. The lower value of AE
(3.668 eV) shows that 5-ATT is reactive and can be adsorbed easily on aluminium surface, because less
excitation energy is needed to remove electrons from the last occupied orbital. The electrophilicity index
(w) 1s another crucial parameter which measures the capability of chemical species to acquire electrons;
a high value of electrophilicity index signifies a strong electrophile while a small value of electrophilicity
implies a strong nucleophile [33]. In this study, w =2.321 eV indicates that 5-ATT has a great capacity

to accept electrons from the aluminium.

Table 6. Calculated quantum chemical parameters for 5-ATT at the B3LYP/DND level of theory
EHOMO EHOMO AE I (GV) A (GV) X (GV) 1;| (GV) S (CV) 0} (CV) AN
(eV) (eV) (eV)
—4.752 | —1.084 | 3.668 | 4.572 |1.094 |2918 |1.834 |0.545 |2.321 |0.743

3.3.2. Local Reactivity

In order to predict the active sites on the inhibitor molecule on which nucleophilic and electrophilic
reactions are likely to occur, the 5-ATT molecule was studied by the condensed Fukui function analysis.
The favored site for nucleophilic attack is the atom which has the highest value of f; " while the preferred

site for electrophilic attack is located on atom which has the highest value of fy [25]. The condensed
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Fukui functions of 5-ATT were computed by applying Mulliken and Hirshfeld population analysis,
which is disclosed in Table 7. As shown in Table 7, S1 and S6 are the most reactive sites for nucleophilic
attack. Similarly, the value of fi is highest on the same atoms which shows that they are also the
preferred sites for an electrophilic attack. The observed similarity in the sites for nucleophilic and

electrophilic suggests similarity in mechanism of inhibition [34].

Table 7. The Fukui functions of 5-ATT (excluding H atoms) calculated at the B3SLYP/DND level of theory

Atom Mulliken Hirshfield
fi. i fi." fi

S1 0.247 0.159 0.226 0.126
C2 0.079 0.015 0.102 0.058
N3 0.096 0.094 0.107 0.098
N4 0.070 0.103 0.083 0.106
Cs 0.085 0.046 0.091 0.065
S6 0.183 0.296 0.177 0.286
N7 0.044 0.100 0.072 0.115

3.4. Molecular dynamics simulation

Molecular dynamics (MD) simulation has been conducted to get further insight about the interaction
between 5-ATT and Al (1 1 0) surface. The optimized equilibrium configuration of the investigated
inhibitor molecule (both top and side views) are displayed in Fig. 6 and the calculated energies are shown
in Table 8. By inspecting the result presented in Fig. 6, it can be observed that the inhibitor molecule
can approach the target surface in a nearly flat or parallel orientation. Actually, the flat orientation can
maximize contact area between inhibitor molecule and aluminium substrate making an obstruction
between the metal surface and aggressive particles and thus protecting it from corrosion. Meanwhile,
the extent of adsorption of an inhibitor molecule on the metal substrate may be predicted using the
interaction and binding energies. Higher interaction/binding energy basically shows better adsorption of
an inhibitor molecule on aluminium surface. Interestingly, the data presented in Table 8 revealed that
the value of interaction energy of the simulation system was large and negative, implying that the
adsorption 5-ATT on Al (1 1 0) surface is strong and spontaneous [35]. Moreover, the magnitude of the
binding energy (66.935 kcal mol™") between Al (1 1 0) surface and inhibitor molecule was less than 100
kcal mol” intimating that the adsorption occurred through mixed physisorption and chemisorption

mechanism [36].
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Fig. 6. Equilibrium configurations of 5-ATT adsorbed on Al (1 1 0) surface, side and top view.
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Table 8. MD parameters for the 5S-ATT adsorbed on Al (110) surface

Properties (kcal mol™) Values
Total energy —104.028
Inhibitor energy —37.093
Al (110) surface energy 0.000
Interaction energy —66.935
Binding energy 66.935

3.5. Surface analysis

350

SEM images displaying the polished, corroded and inhibited aluminum surfaces are presented in Fig. 7.

After immersion in the blank 1 M HCI solution for 6 h, the aluminum surface was damaged, as can be

observed in Fig. 7(b). The corroded layer of the specimen is rather rough and cracked due to the

destructive attack of HCI solution. In contrast, the aluminium surface remained intact appreciably by the

presence of 5-ATT inhibitor (Fig. 7¢), signifying suppression in the corrosion phenomenon. Moreover,

the smoother texture of aluminium specimen exposed to inhibited acid solution demonstrates

improvement in the surface morphology which could be ascribed to the blocking of active centers on the

metal surface by the inhibitor molecules. These observations verify that the anticorrosive activity of 5-

ATT is based on the formation of protective film at the metal surface, which protect the aluminium

against the corrosive medium.
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Fig. 7. SEM images of the aluminum surface in the absence and presence of 5-ATT inhibitor: (a)
polished surface (b) corroded surface (c) inhibited surface

Conclusion

The inhibition efficiency of 5-ATT on aluminium corrosion in 1 M HCI was evaluated using weight loss

measurements, quantum chemical calculations, molecular dynamics method and SEM technique. From

the findings of our investigation, it is safe to conclude that:

1.

AJCER

The inhibition efficiency increases with increasing 5-ATT concentration and immersion time but
decreased with rise in temperature.

The adsorption of target 5-ATT inhibitor on aluminium surface follows the Langmuir isotherm.
The thermodynamic analysis revealed that the 5-ATT molecules interact with the metal substrate
via mixed physichemisorption mechanism.

Electronic structure parameters and inhibition efficiency of the investigated compound was
correlated with the help of quantum chemical calculations.

The computational simulations showed that the studied inhibitor was adsorbed strongly on the
aluminium surface in a parallel orientation, which can minimize metal surface area attacked by

corrosive media.
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6. Surface analysis using SEM reflected an appreciable mitigation of aluminium corrosion by the
formation of protective film of inhibitor on the metal surface.
7. Overall, the investigated 5-ATT proved to be effective corrosion inhibitor for aluminium in 1 M

HCI medium.
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commercial or financial relationships that could be construed as a potential conflict of interest.
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