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ABSTRACT

In the present research, a new 1,3,4-thiadiazole derivative, namely the 2-amino-5-(2-
methoxyphenyl)-1,3,4-thiadiazole (5-AMT) was synthesized and investigated as corrosion
inhibitor for mild steel (M-steel) in molar hydrochloric acid medium. The experimental
studies such as weight loss, potentiodynamic polarization (PDP), Linear polarization
resistance (LPR) technique and electrochemical impedance spectroscopy (EIS) were
performed in order to evaluate the corrosion protection performance of the tested compound.
Based on the experimental outcomes, a protection degree of approximately 98 % was
achieved exploiting 5x10* M of 5-AMT after 1 h of immersion at temperature 303 K.
Additionally, PDP study highlighted that the investigated 1,3,4-thiadiazole is of mixed-kind
inhibitor. Thermodynamic data from adsorption isotherms and activation energies were
determined and discussed. It was shown that the adsorption of 5-AMT molecules fits
Langmuir isotherm model. Furthermore, in order to characterize the M-steel surface and to
comprehend the adsorption mechanism of 5-AMT, XPS analyses were accomplished.
Computational studies by DFT and MD simulation were also conducted to correlate the

protection properties and quantum chemical parameters of the investigated inhibitor.

Keywords: 1,3,4-Thiadiazole; Mild steel corrosion; Adsorption; XPS; Theoretical approach.
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1. Introduction

Corrosion of metals and alloys is an ubiquitous phenomenon with huge economic
impact, which affects many industrial sectors [1]. Preventing metals from corrosion not only
has an economic benefit, but also protects the environment. Generally, organic inhibitors are
known by their absorption on metal surfaces and form a thin protective film. The most
effective organic compounds are those which carry heteroatoms with high electron density (P,
S, N and O) or those containing aromatic ring, which are considered as centers of adsorption
[2-6]. Indeed, several N-heterocyclic compounds, such as triazoles, oxadiazoles,
benzimidazoles, pyrazoles, purines, pyrimidines, quinolones, etc... are well known as
effective corrosion inhibitors for iron or steel in several aggressive media [5-7]. The high
corrosion protection of these latter compounds is generally due to chelates formed with metals
which act as a barrier thanks to the formation of protective film on the metal surface [1]. In
particular, these thiadiazolic derivatives behave as good inhibitors against corrosion of M-
steel and carbon steel [8-22], stainless steel [23-25], ductile iron [26], and copper [27-32]. At
this time, the utilize of 1,3,4-thiadiazole derivatives as corrosion inhibitors rest limited. In this
context, this work aims to investigate the 2-amino-5-(2-methoxyphenyl)-1,3,4-thiadiazole(5-
AMT) as new corrosion inhibitor of M-steel in molar hydrochloric acid pickling environment.
The 5-AMT compound was selected as an inhibitor based on two considerations. Firstly, it’s
easy and cheap to synthesis. Secondly, the existence of heteroatoms such as N, O and S,
methoxy group and z-electron on the phenyl ring in its structure are important structural
features through which inhibitor can easily adsorbed on the metal surface, promoting
therefore an effective protection.
The inhibitory efficacy of 2-amino-5- (2-methoxyphenyl) -1,3,4-thiadiazole (5-AMT) is first
evaluated by means of gravimetry, and, by means of stationary electrochemical techniques the

exploitation of the polarization curves as well as transient methods based on the measurement
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of the electrochemical impedance and LPR technique. The effect of temperature on the
behavior of the inhibitor against corrosion has also been studied in a temperature range from
303 to 333 K. Thermodynamic corrosion and inhibition parameters were also calculated and
discussed. The nature of the film formed on the metal surface in the presence of the inhibitor
has been characterized XPS. At the end of this study, we supplemented this work by a study
the density functional theory and molecular dynamic simulation were exploited to better
understand the structural and electronic effects in relation to the effectiveness of the
protection. The use of all these experimental and theoretical approaches were used to better

understand the mechanism of adsorption of this compound on the metal surface.

2. Experimental details
The investigated organic compound is 2-amino-5-(2-methoxyphenyl)-1,3,4-thiadiazole
(5-AMT). The method of synthesis of the inhibitor under investigation was already described

in the literature [33]. The molecular structure of 5-AMT is given in Fig. 1.

Fig. 1. Molecular structure of 2-amino-5-(2-methoxyphenyl)-1,3,4-thiadiazole (5-AMT).

The composition of the M-steel, the electrolytic solution (1 M HCI) as well as the
description of different methods exploited in this work (weight loss and the electrochemical

experiments) were detailed in our previous work [34].

X-ray photoelectron spectroscopy (XPS) spectra were recorded by a XPS KRATOS,

AXIS UltraP®P spectrometer with the monochromatized Al-Ka X-ray source (hv = 1486.6
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eV) and an X-ray beam of around 1 mm. The analyser was operated in constant pass energy
of 40 eV using an analysis area of approximately 700 pm x 300 pm. Charge compensation
was applied to compensate for the charging effects that occurred during the analysis. The C 1s
(285.0 eV) binding energy (BE) was used as internal reference. The spectrometer BE scale
was initially calibrated against the Ag 3ds» (368.2 eV) level. Pressure was in the 107 torr
range during the experiments. Quantification and simulation of the experimental photopeaks
were carried out using CasaXPS software. Quantification took into account a non-linear
Shirley background subtraction [35]. XPS analyses were practiced on pure 5-AMT and on 5-
AMT steel surface. The M-steel sample (1 cm?) was pre-treated by the same procedure as for
the gravimetric test. After 6 h of immersion at 303 K, the carbon steel sheet was rinsed with
acetone and ultra-pure water.

Various investigations have been carried out exploiting density functional theory
(DFT) calculations in order to understand the effect of molecular structure on the protection
efficiency of organic compounds [36]. This theoretical method has been exploited to correlate
experimentally detected phenomena with the property of the electronic structure MT [37]. In
this context, quantum chemical calculations of 5-AMT were done exploiting the Gaussian 09
software package [38]. In addition, DFT computations were performed via B3LYP and
6-31G (d, p) basis set in the gaseous phase [39]. The quantum chemical descriptors such as
Enomo, Erumo, AEgp, global hardness (77), global electronegativity (y), fraction of electron
transferred ANi10, electrophilic (w) and nucleophilic (&) indexes were exploited and calculated
following the same procedure described by Benhiba et al. [40].

To estimate the interaction and adsorption behaviour of inhibitor molecules with the
Fe (110) surface, Molecular Dynamics (MD) simulation method exploiting the Forcite
module from Materials Studio 8 software was exploited according to [41,42]. The MD

simulation was executed in a 32.270x32.270x34.134 A® simulation box with periodic
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boundary conditions, which was composed of the chemical species (5-AMT, 5H30* + 5CI" +
500 H>0) and slab of Fe (110). The COMPASS force field has been exploited [43]. The MD
simulation is performed with the Andersen thermostat at 303 K using NVT (canonical

ensemble) with a simulation time of 100.0 ps and a time step of 1.0 fs [44].

3. Results and discussion

3.1. Potentiodynamic polarization (PDP) curves

Polarization curves (Tafel) for M-steel without and with 5-AMT in the electrolytic
solution (1 M HCI) at 303 K after 1 h of immersion are grouped in Figs. 2a-b. The
electrochemical parameters of corrosion potential (Ecor), corrosion current density (icorr),
cathodic Tafel slope (f¢), and anodic Tafel slope (f.), obtained by Tafel extrapolation are
shown in the Table 1. The corrosion current density (icorr) values were used to compute the

protection efficiency as follows:

Loy — 0.
Mratel(%) = wx 100 (Eq. 1)

lCOIT

where icorr and icon(y are the corrosion current densities obtained in uninhibited and inhibited
solutions, respectively.

It is evident from Fig. 2b that after the addition of 5-AMT both hydrogen evolution
and metal dissolution reactions were retarded. By increasing the Cinn it is noted that the
density values of the corrosion current decreased, which indicates that the inhibitor limits
electrochemical reaction. In addition, we notice that when the Cinn increases, /frafel(%) also
increases to reach a maximum of 98.68%, which is assigned to the fact that the quality of the

5-AMT inhibitive layer was improved, and more active sites were covered by 1,3,4-
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thiadiazole molecules. The inhibition efficiency found by this technique allowed us to say that
5-AMT is an excellent inhibitor even at low concentration (0.1 mM).

From Table 1, it is noticed that the change in S values of the inhibited systems with
respect to that of the uninhibited one is independent of inhibitor concentration, that is, there is
no pattern in f. values of the inhibited solution with respect to that of the blank as the
concentration of 5-AMT is increased. This means that the kinetics of the cathodic reactions
are not affected and the corrosion inhibition is by simple geometric blocking mechanism.
However, a slight decrease in fa. value with increasing 5-AMT concentration is observed,
suggesting that the investigated 1,3,4-thiadiazole derivative was first adsorbed onto the metal
surface and stopped by simply blocking the reaction sites of the metal surface without

touching the anodic reaction mechanism [34].
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Fig. 2. PDP curve of M-steel in electrolytic medium (1 M HCI) (a) without and (b) with addition of of
5-AMT at diverse concentrations.

The corrosion potentials in the presence 5-AMT are divided slightly towards the
cathodic values compared to the blank. It can be understood from the Table | values that 5-
AMT shifts the corrosion potential (Ecorr) towards cathodic direction and the potential shift is
< 85 mV, confirms that inhibitor is a mixed type of protection behaviour [45]. It should be
noted that for the anodic branch in the presence of 5-AMT and from a potential of -350
mV/SCE, the currents are greater than that of without 5-AMT inhibitor. This phenomenon is

attributed to the desorption of inhibitor molecules adsorbed on the electrode surface [34].

Table 1
Electrochemical parameter and inhibition efficiency values for M-steel in electrolytic medium (1 M

HCI) containing different concentrations of 5-AMT at 303 K.

Cinn -Ecor -B. ) fcor R, Mt Nier
M) (mVvsSCE) (mV dec') (mVdec!) (mAem?) (qcp?) (%) (%)
Blank 445 185 105 4.24 6.78 O O
1x10* 503 167 85 0.32 66.43 9245  89.79
2x10* 512 190 83 0.31 99.03 92.69  93.15
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3x10* 502 150 80 0.086 231.87 97.97 97.08

4x10* 505 162 72 0.083 293.37 98.04 97.17
5x10* 500 148 70 0.056 392.98 98.68 98.27
3.2 LPR study

The polarization resistance, Rp, is determined by the inverse of the slope
corresponding to the linear part of the curve i = f(E) in the vicinity of Ecor. The corresponding
data of Rp are given in the Table 1. It is apparent that by increasing inhibitor (5-AMT)
concentration the values of R, increase. The values of /77Lpr(%), have been gathered in Table |

and they are calculated by the following equation(Eq2):

R —R

Mer(%) = ———= % 100 (Eq. 2)
P@)

The results show that by increasing the concentration of inhibitor, /1pr(%) increases and

attains 98.27 % for 5x10* M. It can be noted that the corrosion inhibition efficiency

calculated by the LPR and PDP methods are in reasonably agreement. However, these

stationary techniques are insufficient to characterize complex mechanisms, involving several

reaction stages and having different characteristic kinetics (which is often the case during

inhibition processes). The use of AC impedance techniques then becomes essential. Among

these techniques, electrochemical impedance spectroscopy occupies a more advanced place.

3.3 . AC impedance study

Figs. 3a and 3b present Nyquist and Bode plots obtained for M-steel in 1 M HCI
solution with and without 5-AMT after 1 h of immersion at 303 K. Fig. 3a shows that the
Nyquist plots present a non-ideal semicircle (a flat loop). This is attributed to the non-ideality
and inhomogeneity of the metal surface [46]. The Nyquist plots represent the characteristic
depressed semicircles with their centers lying under the real x-axis suggesting that the

9
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electrochemical process is charge-transfer controlled. The corresponding Bode plots shown in
Fig. 3b confirm the presence of only one constant time due to charge transfer phenomenon at

the interface electrolyte/working electrode.
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Fig. 3. (a) Nyquist and (b) Bode (modulus and phase) diagrams for M-steel interface in 1 M HCI

medium without and with addition of diverse concentrations of 5-AMT at 303 K.

The impedance spectra in Fig. 3a shows that the semicircle diameter values increase
with the increase of 5-AMT concentration. These outcomes are interpreted by the formation
of a protective film on the metal surface via the adsorption of the inhibitor molecules [10].
The equivalent circuit shown in Fig. 4 allowed us to analyse the EIS data, this equivalent
circuit is a modified Randel’s circuit containing the Rs, which represents the uncompensated
resistance of the electrolytic solution, and the R;,, which represents the polarization resistance.
Herein, we have used a constant phase element (CPE) rather than an ideal double-layer
capacitor (Car), to accurately model the frequency distribution response. Here, R, contains two
resistances (R, = Re + Rr) which are the charge transfer resistance (Rc) and the resistance of

inhibitor film (Rr) formed on the metal surface in the presence of inhibitor [47]. On the other

10

Phase angle (Degree)
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hand, the CPE is substituted for the capacitive element. The impedance function of the CPE is

given in Equation (Eq. 3) [47]:

Ze =Q" (i)™ (Eq. 3)
where Z.;, Q,w,n are respectively, the impedance of CPE, the coefficient of

proportionality, the angular frequency and the measure of the phase shift. The description of
this model is detailed in a previous work [10].
Rs CPE

SN

Fig. 4. Equivalent circuit used to fit the obtained impedance spectra for M-steel in the nonexistence

and existence of 5-AMT.

The corrosion protection efficiency from the EIS measurements, 77z(%), was
calculated as according to equation 4, where Ry and R, are the polarization resistance of M-

steel electrode in the presence and the absence of the inhibitor, respectively.

Ry~ Rp
“p x 100 (Eq. 4)

P(i)

z2(%) =

The fitted results are presented in Table 2. The experimental plots and the fit lines indicates
the chosen equivalent electrical circuits fit very well the experimental EIS diagrams (Fig. 3).

It is also confirmed by the chi-square adjustment values (¥°) which are around 10 (Table 2).

Table 2

Impedance data of M-steel in 1 M HCI containing different concentrations of 5-AMT

Cinn R, o x 10 n Ca T X Nz
M) (Qcm?) (s"Q'em?) (uF cm™) (s) (%)
Blank 6.25 47.56 0.86 184.3 0.0011 0.009 ad
1x10* 65.63 0.93 0.86 40.55 0.0027 0.009 90.47

11



2x10* 92.54 0.72 0.84 27.72 0.0026 0.010 93.25

3x10* 165.6 0.60 0.85 27.00 0.0044 0.012 96.22
4x10* 220.0 0.31 0.87 14.71 0.0032 0.006 97.16
5%10 369.0 0.27 0.88 14.40 0.0053 0.006 98.30

1

2 From Table 2, we can see that the values of R, are much higher when 5-AMT inhibitor

3 is exploited in comparison to the electrolytic solution. The obtained result suggests that the
4 presence of the molecules of the inhibitor at the metal-electrolyte interface limit the process of
5 charge transfer from the metal surface to the solution. Moreover, one can see that when the
6  concentration of inhibitor (5-AMT) in the solution increases the R, values are even greater.
7  On the other hand, due to the adsorption of 5-AMT at the interfaces, the Cq values decrease
8  which is attributed to an increase in the thickness of the electric double layer [48]. The values
9  of n remain almost constant, indicating a small depression of the double layer capacitance of
10  the loop [10]. The protection efficiency reaches a greatest value of 98.30 % at 5x10* M. The
11 use of 1,3,4-thiadiazole derivatives as corrosion inhibitors has been discussed in several
12 publications [8-32,49-51]. Table 3 shows the protection efficiency /(%) obtained exploiting
13 EIS method of some 1,3,4-thiadiazole derivatives exploited as corrosion inhibitors of steel in
14 a1 M HCI medium. Such comparison shows that the protection efficiency /(%) of 5-AMT is
15  higher and give evidence of the very good corrosion protection properties of 5S-AMT.
16

17 Table 3

18  Corrosion protection efficiency for some 1,3,4-thiadiazole derivatives in 1 M HCI.

1,3,4-Thiadiazole derivative Optimum Immersion time  Temperature Metal Protection
concentration  (h) (K) efficiency @
(%)
2-Amino-5-thiol-1,3,4-thiadiazole [10] 2x10° M 1 303 M-steel 91.2
5,5-((1Z,1'2)-(1,4- 5%x10* M 0.5 303 M-steel 87.6

phenylenebis(methanylylidene))bis(azanylyl
idene))bis(1,3,4-thiadiazole-2-thiol) [14]

5-Pentadecyl-1,3,4-thiadiazole-2(3H)-thione ~ 5x10*M 0.5 298 Carbon steel 93.0
[15]

12



2,5-Bis(2-pyridyl)-1,3,4-thiadiazole [17] 1.2x10° M 24 303 M-steel 93.5
2,5-Bis(3-pyridyl)-1,3,4-thiadiazole [17] 1.2x10° M 24 303 M-steel 96.5
2,5-Bis(4-pyridyl)-1,3,4-thiadiazole [17] 1.2x10° M 24 303 M-steel 86.6
APT [19] 40 ppm 0.5 308 M-steel 95.0
APT2 [19] 40 ppm 0.5 308 M-steel 96.8
APT-4[19] 40 ppm 0.5 308 M-steel 92.7
PAT [19] 40 ppm 0.5 308 M-steel 98.6
2-Amino-5-phenyl-1,3,4-thiadiazole [20] 6x10° M 1 303 M-steel 88.6
2,5-Bis(phenyl)-1,3,4-thiadiazole [22] 1.5x10* M 24 303 M-steel 90.9
2,5-Bis(4-methoxyphenyl)-1,3,4-thiadiazole ~ 1.5x10* M 24 303 M-steel 97.9
[22
2,5-Bis(4-methylphenyl)-1,3,4-thiadiazole 1.5x10* M 24 303 M-steel 95.6
[22
2,5-Bis(4-nitrophenyl)-1,3,4-thiadiazole [22] 1.5x10* M 24 303 M-steel 54.8
2,5-Bis(4-chlorophenyl)-1,3,4-thiadiazole 1.5x10* M 24 303 M-steel 29.6
[22
2-Amino-5-tert-butyl-1,3,4-thiadiazole [49] 2.1x10°M 0.5 298 Carbon steel 91.8
2-Amino-5-ethyl-1,3,4-thiadiazole [49] 2.1x10° M 0.5 298 Carbon steel 90.9
2-Amino-1,3,4-thiadiazole [49] 2.1x10° M 0.5 298 Carbon steel 78.1
1-MCTH [50] 1x10* M 24 303 M-steel 98.6
2,5-bis(4-dimethylaminophenyl)-1,3,4- 5%10* M 24 303 M-steel 98.2
thiadiazole [51]
2,5-bis(4-dimethylaminophenyl)-1,3,4- 5%10* M 24 303 M-steel 98.2
thiadiazole [51]
2-amino-5-(2-methoxyphenyl)-1,3,4- 5x10* M 1 303 M-steel 98.3
thiadiazole [this work]

1 (a) The (%) values were obtained by exploiting EIS method.

2

3  34. Gravimetric studies

4 3.4.1 Effect of 5-AMT concentration

5 Table 4 gives the corrosion rate (Weorr) of M-steel and the protection efficiency (/7wr)

6  with and without of 5-AMT after 6h of immersion in 1 M HCI at 303 K. The 7w values were

7  obtained from the Eq. 5, where wo and w; are the corrosion rate of M-steel without and with

8  5-AMT, respectively.

9y (%)= (1—3}100

Wo

13

(Eq. 5)
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The obtained results indicate that the protection ability of 5-AMT increase with the
inhibitor concentration and achieve the highest efficiency value at a concentration of 5x10
M. Table 4 reveals that when the inhibitor concentration varies in the range of 1x10* to
3x10* M the efficiency of 5-AMT significantly increases. On the other hand, for higher
concentrations, a slight increase can be observed. The efficiency of the inhibitor is a direct
consequence of the covering and the formation of an organic film on the surface of the M-
steel, which reduces the attack of the acid and the digestion of H» gaz. The easy adsorption of
5-AMT molecules may be due to the presence of x electrons in the phenyl group and non-
binding electrons on the hetero-atoms (O, N and S) [52]. The results obtained with different
methods are in good agreement and confirm the very good corrosion protection properties of
5-AMT. In order to evaluate the stability of the behavior of this compound, on a time scale,
the electrochemical impedance measurements were carried out in 1 M HCI, in the absence

and in the presence of this compound, after different immersion times in the next part

Table 4

Corrosion rate and protection efficiency of the system 5-AMT/M-steel in electrolytic solution.
Cinn Weorr nw

M) (mg cm™ h') (%)

Blank 4.20 O

1x10* 0.58 86.19

2x10* 0.47 88.81

3x10* 0.21 95.00

4x10* 0.17 95.95

5x10* 0.084 98.00

3.4.2. Effect of immersion time

Immersion time is one of the main parameters considered during the study of the
protection of corrosion [52-54], indeed it evaluates the stability of protection system over
time. Fig. 5 shows the variation of /wi(%) versus time of immersion in 1 M HCI solution
containing 5x10* M of 5-AMT at 303 K. Better performance was obtained after 1 h of

immersion with a value of 98% (Fig. 5). For a longer exposure time (24 h), our inhibitor (5-

14
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AMT) always retains its high efficacy, which reaches a value of 97%. From the obtained
results, we can say that there is a rapid formation and can be complete with a protective film
on the surface of our substrate after 1 h of immersion. After this time, we notice that there is a
very negligible diminution in the steadiness of the protective layer. This can be said during
diffusion from side to side the protective interface / electrolytic layer and / or the desorption

of the protective molecules. [55].

98.5

O

N o

n o0
1 1

O
Q
1

Ne)
(@)}
1

\O

e

(9]
]

Inhibition efficiency (%)
K
)]

\O
(9]
1

U5+ 7T T T T T T T T T T T T

0 4 8 12 16 20 24
Immersion time (h)

Fig. 5. nwi(%) versus immersion time in 1 M HCI medium containing 5x10* M of 5-AMT at 303 K.

3.4.3. Temperature effect on the inhibitor adsorption

The temperature is considered, in the literature, among the most influencing factors
on corrosion, in a very great majority of the cases, the exposure of a material in an aggressive
solution to the high temperatures results in an appreciably homogeneous degradation on all
the surface of the material. The effect of the temperature on the corrosion of the M-steel in the

presence of the inhibitor was followed by mass loss evaluation. Table 5 presents the different
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1 values of the corrosion rates as well as the corresponding inhibitory efficiencies in the
2 temperature range 303-333 K. It shows that the corrosion rates increase with increasing
3 temperature whether in the 5-AMT nonexistence or in the 5-AMT existence of the inhibitor
4  molecules leading to a decrease of protection efficiency with the temperature. This is due to
5 the fact that the protective film formed by the inhibitor molecules desorbs and becomes
6 porous giving way to the diffusion of corrosive species responsible when the temperature

7  increases [54-57].

9 Table$5
10  Influence of temperature on corrosion rate and protection efficiency for the system, M-steel / 1 M HCI
11 /5-AMT.

Temperature Cinn Weorr nwL
(K) (M) (mgcm?h™) (%)
Blank 4.20 0
1x10* 0.58 86.19
303 2x10 0.47 88.81
3x10* 0.21 95.00
4x104 0.17 95.95
5%10* 0.084 98.00
Blank 4.70 0
1x104 2.30 51.06
313 2x10 0.77 83.61
3x10* 0.37 92.13
4x104 0.27 94.25
5%104 0.18 96.17
Blank 8.20 0
1x104 5.00 39.02
323 2x10 2.30 75.60
3x10* 0.67 91.83
4x10™ 0.55 93.20
5%104 0.40 95.12
Blank 14.14 O
1x10* 8.50 39.88
333 2x10* 4.50 68.17
3x10* 3.00 78.78
4x10* 1.50 89.39
5%10# 0.72 94.90

12
13 However, the activation energy (E,), enthalpy (AH,), and entropy (AS,) were estimated from

14 the Weor, as follows:
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E
W._ =Aexp ——2 Eq. 6
corr p( RT] ( q )

AS, AH
Wi =Eexp[ “Jexp[— j (Eq. 7)

where E., AH, and AS. are the activation parameters, A is pre-exponential factor, % is constant
of Plank, N is number of Avogadro, R is the constant of ideal gaz, and T is the absolute
temperature.

Figs. 6 and 7 show the variation of In(Weor) and In(Weor/T) against 1000/7 for M-steel
electrode in 1 M HCI electrolyte in the absence and presence of diverse concentrations of 5-
AMT. The activation parameters extracted from these two curves are collated in Table 6. The
average difference between E, and AH, is approximately 2.6 kJ mol™! for all cases. This

indicates that the dissolution of M-steel takes place through an uni-molecular reaction.

(mg cm” h)
o

corr

In W

0.0031 . 0.0032 0.0033
UT (K"

Fig. 6. InWco vs 1/T for M-steel in 1 M HCI with and without of 5-AMT.
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Fig. 7. n(Weore / T) vs 1/T for M-steel in 1 M HCI with and without of 5-AMT.

It was found that E, values for systems containing 5-AMT vary in the range of 60.53
to 74.50 kJ mol ™! and are superior to blank (34.91 kJ mol ™). The increase in E, values after the
addition of the inhibitor molecules indicates the formation of an energy barrier which is
accompanied by the reduction in charge and mass transfer. These results are coherent with
those reported in the literature, the decrease of protection efficiency with temperature is
associated to higher E, in presence of the inhibitor in comparison to E, (blank) [58]. For the
activation enthalpy (AH,), the positive sign indicates the endothermic nature of the M-steel
dissolving process [59,60]. On comparing the values of the entropy of activation (ASa.) in
Table 6, it is clear that AS. is more positive in presence of 5-AMT compared to free acid
solution. Such variation is associated with the phenomenon of ordering and disordering of
inhibitor molecules on the M-steel surface. The increased entropy of activation in the
presence of inhibitor indicated that disorderness is increased on going from reactant to
activated complex. This observation is in agreement with the findings of other workers

[59,60]. This behaviour can also be explained as a result of the replacement process of water
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molecules during adsorption of molecule inhibitor on the M-steel surface and therefore the

increasing in entropy of activation was attributed to the increasing in solvent entropy [60].

Table 6

Activation parameters (E., AH, and AS,) for M-steel / 1 M HCl system containing 5-AMT.
Conc. E, AH, AS,

M) (kJ mol ™) (kJ mol ™) (J mol'! K1)
Blank 3491 32.27 -127.8
1x10* 74.50 71.87 -10.85
2x10* 65.67 63.03 -44.29
3x10* 71.71 69.07 -31.90
4x104 60.53 57.89 -70.04
5x10* 60.76 58.11 -73.83

3.4.3. Adsorption isotherm

To demonstrate the efficiency of inhibitors and to determinate the mechanism of the
molecules action, adsorption isotherms are often exploited. In this part, the classical Langmuir
adsorption isotherm is applied to describe the adsorption behavior of the 5-AMT, and the
isotherm can be represented as:

C. 1
~inh =~ 4 C Eqg. 8
17 K inh (Eg. 8)

ads

where Ka¢s and Cinn are the equilibrium constant of the adsorption process and is the
concentration of 5-AMT, respectively. The standard free energy of adsorption (AG;,) is

related to Kags according the following equation:

_AG:ds
RT

K, =(5555)" e[ (Eq. 9)

where R and T are the constant of ideal gas and the absolute temperature, respectively. The
plots of Cim/6 vs. Cinn show straight lines (Fig. 8) and the adsorption parameters were
determined and are presented in Table 7. The deviation of the slopes from the unit can be
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attributed to the interaction between the inhibitory molecules adsorbed, especially at high

temperature (Table 7). Villamil et al. [62] proposed a modified Langmuir isotherm, which is

given by following equation (Eq. 10):

Con 1 +nC,, (Eq. 10)
9 ads
0.0005 F
o 0.0004 F
@)
0.0003 F
0.0002 L L L L
0.0002 0.0003 0.0004 0.0005
-1
Cipn (M)
Fig. 8. Langmuir isotherm model for M-steel /1 M HCl / 5-AMT system.
Table 7
Parameters of adsorption for M-steel with 5-AMT in 1 M HCI.
Temperature R? Slope K., AG®, AH®, AS°,
(K) (L mol™) (kJmol)  (KJmol")  (J mol'K")
303 0.999 0.981 4.30x10* -36.99
313 0.999 0.935 1.91x10* -36.10
323 0.988 0.891 1.21x10* -36.02 -61.12 79.4
333 0.991 0.710 4.44%x10° -34.37

The obtained negative

value of AG?, indicates

that the adsorbed layer is stable and the

adsorption process onto the metal surface is spontaneous [10,63]. The nature of the interaction

between 5-AMT and metal surface could be interpreted by three modes: physical adsorption,

chemical adsorption or by complexation. The nature and charge of the metal (alloys), the type
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of electrolytic solution and the chemical structure of the inhibitor are the essential parameters

that influence these last three modes [64]. The values of AG_, for the studied inhibitor varies

between -36.99 kJ mol'and -34.37 kJ mol!, indicating therefore that the adsorption
mechanism of 5-AMT on M-steel surface involves two types of interactions, predominant
physisorption (ionic) and weak chemisorption (molecular) [63-65]. In fact, the adsorption of
our inhibitor on the surface of M-steel in two different ways: either the 5-AMT molecules
adsorb electrostatically on the part of the surface of the substrate covered with CI ions
through its protonated form and or that the 5S-AMT molecules compete with acid anions for
sites at the water overcast surface and the unshared electron pairs in heteroatoms (O, N and/or

S) interact with d-orbitals of M-steel to provide a protective film.

o

(o}
a ads

ads

The thermodynamic parameters AH?, (variation of enthalpy) and AS?, (variation of

entropy) for the adsorption of 5-AMT on M-M-steel is given by the following equation:

AG’, = NH°, ~T AS®

ads ads

(Eq. 11)

The values of AG,, were plotted versus temperature 7 (Fig. 9). From equation 11

and Fig. 9 we can calculate the two adsorption parameters (AS ., and AH_, ), their values are

gathered in the Table 7.

34

AG®, ., (kJ mol™)
2

_38 L L L
-340 -330 -320 -310 -300
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Fig. 9. Variation of AG}, vs T for M-steel /l M HCI / 5-AMT system.

The positive values of AS, indicate an increase in the entropy and is a consequence
of the adsorption of 5-AMT on the M-steel surface [66]. Moreover, physisorption or mixture

of chemi/physisorption is usually characterized by an exothermic process (AH [, < 0) [4,67].

In our case, the adsorption is exothermic accompanied by AS ), of positive sign. It should be
noted that an exothermic process of adsorption is always accompanied by increased disorder
(AS;,.> 0). The same phenomenon has been interpreted by several authors as desorption of

water molecules existing on the metal surface and replacing them by adsorption of organic

compounds [68-71].

3.5. XPS study

To more assess the adsorbed layer on the M-steel surface and to understand the
corrosion protection mechanism of 5-AMT, the XPS analyses were consequently realised.
The obtained XPS wide-scan (survey) spectra of pure 5-AMT and of 5-AMT/treated M-steel
are presented in Fig. 10 and show the presence of C, O, N and S elements in the case of pure
5-AMT, peaks of Fe and Cl are also detected in case of 5-AMT/treated M-steel. The XPS
deconvoluted profiles for different elements core levels, exploiting the CASA XPS software,
are given in Figs. 11-12 and the corresponding data are recapitulated in Table 8.

For 5-AMT/treated M-steel sample, the C 1s peak deconvolution may be fitted into
three components as depicted in Fig. 11 and Table 8. The first at 284.9eV is related to C-C,
C=C and C-H bonds in the 5-AMT molecules [72]. The second at 286.6 eV might be
attributed to C-S, C=N bonds, and C-O in methoxy group of 5-AMT [72,73]. The last at
289.1 eV and less intense component (9 %) can be associated to shake-up satellite due to 77 77*
transitions in aromatic ring of 5-AMT [73]. Comparison of the component shape of C 1s peak

of 5-AMT-treated M-steel (Fig. 11a) and pure 5-AMT (Fig. 12a) shows, in both cases, three
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1 components approximatively at the same binding energies as described above, with slight
2 variation in the component contribution (Table 8). The presence of different carbon

3 environments on the M-steel surface clearly discloses the adsorption of 5-AMT molecules.
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6  Fig. 10. XPS survey spectra of a- pure 5-AMT and b- 5-AMT/treated M-steel substrate.
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The S 2p spectrum of the pure 5-AMT (Fig. 12d) can be resolved two spin-orbit-split
doublets (S 2ps32 and S 2pip), at about 162.1 and 163.2 eV, respectively. This former is
ascribed to sulfur atoms in the 1,3,4-thiadiazole ring as described previously [34,74]. After
immersion in 1 M HCIL, no S 2p signal is detected on the surface 5-AMT treated M-steel as
evidenced the XPS survey spectrum in Fig. 10b. N 1s spectrum of M-steel treated with 5-
AMT in 1 M HCI shows one peak located at around 399 - 402 eV (Fig. 11b). The low
intensity of this spectrum implies the low N amount on the substrate surface comparing with
that of pure 5-AMT (Fig. 10b). This peak can be partly associated to =N— structure in the
1,3,4-thiadiazole ring, as confirmed in N 1s spectrum of pure 5-AMT (Fig. 12b), and partly
attributed to N*, due to protonation of nitrogen atom in the amino group (-NH3") of 5-AMT
in HCI medium [75]. However, XPS surface elemental analysis of 5-AMT treated M-steel
sample shows that the N amount is very low (1.18 %). The low nitrogen content and the
absence of the sulphur on the M-steel surface can provide a reasonable explanation of the 5-
AMT adsorption mode. Based on this finding, we can suggest that 5-AMT inhibitor is mainly
electrostatically adsorbed on the M-steel surface. Indeed, the 5-AMT molecule possesses a
non-plane structure, which unfavourable for strong adsorption and therefore the N and S
atoms in 5-AMT cannot be engaged actively in the surface coverage.

The O 1s spectrum for 5-AMT/treated M-steel may be deconvolutted into three
components (Fig. 11c, Table 8), however, it is impossible to separate the contributions of
organic and inorganic oxygen [76]. The first one at 530.1 eV could be assigned to O* in the
Fe>O3 [68], the second at 531.7 eV can be associated to the presence of FeOOH [77] and the
last one at 533.3 eV may be ascribed to O atom of adsorbed water [77]. The two higher
binding energy features at 531.7 eV and 533.3 eV can be also attributed to -O- in the methoxy
group of 5-AMT [78], as demonstrated by O 1s analysis of the pure 5S-AMT (Fig. 12¢). The

presence of these components may suggest the chemical bonding between O and M-steel
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surface. Indeed, the adsorption of 5-AMT via O of methoxy group can be occurred with the
formation of the O-Fe bond on the basis of donor acceptor interactions between the lone sp?
electron pairs present on the O of methoxy group and the vacant d orbitals of Fe. Moreover,
the XPS surface elemental analyses show that the O concentration is higher in the case of 5-
AMT/treated M-steel sample (37.85%) compared to that of pure 5-AMT (9.78 %). This
difference may be explained by the formation of Fe,O3/FeOOH layer on the M-steel surface
where 5-AMT molecules can be incorporated.

Fe 2p spectrum for substrate surface treated with 5S-AMT shows a double peak profile
at 711 eV (Fe 2p3) and 725 eV (Fe 2pi2) as shown in Fig. 11e. The Fe 2p3» deconvolution
consists in three components at 706.9, 710.6, and 711.3 eV (Fig. 11d, Table 8). The first one
is related to Fe [79], while the last two assigned to Fe (III) are associated to the presence of
the Fe>O3 and FeOOH [80.81] as detected in the O 1s spectrum. The CI 2p core-level is fitted
on two spin—orbit-split doublets (CI 2pi,» and Cl 2p32) [75], with binding energy for CI 2p3,»
peak at 198.5 eV (Fig. 11e) associated to Cl-Fe bond in FeCl; as mentioned previously [82].
In contrast, the XPS surface elemental analysis shows the presence of a small amount of
chlorine (0.66 %) on the exposed M-steel surface and this could be attributed to the protection
action of 5-AMT molecules.

In conclusion, the XPS results are in good trend with the thermodynamic findings,
suggesting that the adsorption of 5-AMT on the M-steel surface involved both physisorption
and chemisorption. The addition of 5-AMT in the corrosive solution leads to reduce the attack

of acid ions as well as restraining the metal dissolution process simultaneously.
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1  Fig. 11. XPS deconvoluted profiles of C 1s, N 1s, O 1s, Fe 2p and ClI 2p for 5-AMT/ treated M-steel.

26



Cls a N 1s b
3 -
& =
& a
=
==
—
290 288 286 284 282 404 402 400 398
Binding energy (eV) Binding energy (eV)
o1 ! d
> ¢ 52 S 2psp
L ]
3
3 =
7 k=
'5 —
£
&
536 534 532 530 166 164 162 160
Binding energy (eV) Binding energy (eV)
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Table 8

Binding energies (eV), relative intensity and their assignment for the major core lines observed pure 5-AMT and 5-AMT/treated M-steel substrate.

Substrate Cls N 1s S2p O1s Fe 2ps2
BE/eV Assignment BE/eV Assignment BE/eV Assignment BE/eV Assignment BE/eV Assignment
Pure 5-AMT 284.9 (60%) C-C/C=C/C-H 400.7 (100 %)  =N-structure  162.1 (58 %)  >S structure S 2p32 ~ 532.1 (18%) c-0 g g
/ -NH2
286.6 38 %)  C-O/C-S/C=N a a 163.2 (42 %)  >S structure S 2p12 533.5 (82 %) Cc-0 a ad
289.1 (2 %) TETE shakeup g g 0 g g 0 g g
satellite
5-AMT/treated
M-steel 285 (74%) C-C/C=C/C-H 398 - 402 =N-structure  [J g 530.1 (46 %) 0% in Fe203 706.9 (4 %) Fe?
/ -NH;*
286.2 (17 %)  C-O/C-S/C=N a a O a 531.7 (51 %) OH in 710.6 (18 %) Fe203/FeOOH
FeOOH/ C-O
288.7 (9 %) TETF shakeup g g 0 g 533.3 (3 %) H2Oads 711.3 (78 %) FeOOH/FeCl
satellite
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3.6. DFT calculations

In order to study the correlation between the inhibitor molecular structure and its
anticorrosion activity, the inhibitive performances of 2-amino-5-(2-methoxyphenyl)-1,3,4-
thiadiazole (5-AMT) were compared with those of 2-amino-5-thiol-1,3,4-thiadiazole (5-ATT)
previously described [10]. 5-ATT is a 1,3,4-thiazole derivative, similar to 5-AMT with thiol

group in 5-ATT instead of methoxyphenyl group in 5-AMT (Table 9).

Table 9
Comparison of 77(%) values for 5-AMT and 5-ATT (5x10* M) in 1 M HCI at 303 K obtained by
different corrosion evaluation methods.

Inhibitor Inhibition efficiency (%)
Tafel LPR AC impedance Weight loss
OMe
S 98.68 98.27 98.30 98.00
NH;
Lo
5-AMT
HS s NH,
\< y/ 82.50 76.96 77.71 79.48
N—N
5-ATT [10]

The obtained corrosion efficiency values, obtained by different evaluation methods
(Tafel polarisation, AC impedance and weight loss), for M-steel in 1 M HCI containing 5x10°
4 M of a 1,3,4-thiazole derivative (5-AMT or 5-ATT) are listed in Table 9. The inspection of
these results showed that 5-AMT presents the better inhibition performance than 5-ATT
whatever the used evaluation method, which can be correlated to the difference between the
two inhibitor structures. Indeed, the replacement of SH group in position 5 in 5-ATT
molecule by the methoxyphenyl group in 5-AMT molecule arises a significate enhancement
in the inhibition efficiency. This enhanced efficiency may be due to the introduction of the
electron releasing on the 1,3,4-thiadiazole moiety, giving therefore, a favourable electron
density for preferential adsorption interactions. Hence it facilitates greater adsorption of 5-

AMT on M-steel surface than 5-ATT, leading to higher inhibition efficiency of 5-AMT than
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5-ATT. This difference in inhibition efficiency could be explained by computational

parameters of these two molecules in both neutral and protonated forms using DFT method.

3.6.1. Neutral forms of 5-ATT and 5-AMT

The electron density distribution of frontier molecular orbitals (FMOs), such as
HOMO and LUMO, is very important for predicting the mode of reactivity of inhibitor
molecules with the substrate surface [82]. This behaviour translates into the phenomenon of
electron sharing whose donor effect is represented by the regions occupied by the electron
density of HOMO, while the regions occupied by the electron density of LUMO will be
available to receive electrons [83]. In this context, Fig. 13 shows the optimized structures and
electron density distributions of FMOs. We note that the chemical quantum calculations show
no imaginary frequency, i.e. these molecules are well optimized and stable. The visual scan of
the Fig. 13 clearly indicates that the density distribution of FMOs is localized over the entire
structure of the molecules in question. This shows that both compounds carry several active
sites that are available to react with the iron atoms on the metal surface, indicating better

adsorption and supporting the protection of the metal surface against corrosion [84].

Optimized geometry HOMO LUMO

5-ATT

5-AMT

Fig. 13. Optimized structures, HOMO and LUMO for the neutral forms of 5-ATT and 5-AMT at
B3LYP/6-31G (d, p) in gas phase.
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The set of chemical quantum descriptors obtained by the DFT calculation of the two
neutral molecules in the gas phase are grouped together in Table 10. Analysis and
comparative study of the molecular descriptor values show that there is a good correlation
with the order of inhibitory efficiency, i.e. 5-AMT > 5-ATT. The 5-AMT molecule has higher
values of Enomo and ANi1o, reflecting a strong tendency to give electrons to the vocal orbitals
of iron atoms to form coordination bonds, while the electron acceptor provider is measured by
the lowest value of ELumo [85.86]. The gap energy (AEgp) is the energy required to remove an
electron from the last occupied layer and reflects the degree of chemical reactivity of a
molecule with a minimum value of this descriptor [87]. Therefore, compared with 5-ATT, the
minimum value of AEg,, for 5-AMT indicates that this molecule has high chemical activity.
Hardness (77) is another descriptor that represents the reactivity of a molecule, a minimum
value of this descriptor indicates high reactivity [88]. In this case, the inhibition efficiency
values of 5-AMT and 5-ATT regrouped in Table 9 are in accordance with the forecasted trend
of protection efficiency. Electronegativity (y) is exploited to examine the ability of a molecule
to attract electrons to it; a molecule with a minimum descriptor value is considered a good
inhibitor [89]. For 5-AMT molecule, this property can be verified. Electrophilic (@) and
nucleophilic (¢) indicators present the capacity of an inhibitory molecule to receive and
contribute electrons, respectively [90]. The data in Table 10 show that a 5-AMT molecule
represents a high capacity to give electrons and a low capacity to accept electrons. This
characteristic indicates that 5-AMT reacts more efficiently with the metal surface by forming

covalent bonds.
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Table 10
Quantum chemical descriptors for the neutral forms of 5-ATT and 5-AMT at B3LYP/6-31G (d, p) in

gas phase.
Neutral form Enomo ELumo AEgap n X AN110 w &
(eV) (eV) (eV) (eV) (eV) (eV) (ev?h
5-ATT -6.670 -1.353 5.317 2.658 4.011 0.152 3.027 0.330
5-AMT -5.570 -1.107 4.463 2.2315 3.338 0.332 2.497 0.400

@ The 17(%) values were obtained by exploiting EIS method for 5x10* M of investigated 1,3,4-thidiazole derivatives.

3.6.2. Possible protonated forms of 5-ATT and 5-AMT

As observed in the structure of the molecules studied, there are hetero atoms such as
sulfur (S), nitrogen (N), and oxygen (O). It is probable that these atoms suggest their strong
tendency to protonate in an acidic medium. Therefore, it is crucial to explore the importance
of the molecular properties of the protonated form of the inhibitor molecule for adsorption on
metal surfaces [91]. We have exploited data of distribution of protonated forms versus pH
exploiting the Marvin Sketch software to determine the most favourable site(s) for
protonation [92]. Therefore, Fig. 14 represents the different possible proton forms determined
by nitrogen atoms for the two molecules tested. The percentage of protonation at pH = 0 of
each atom is depicted in Fig. 14. It is clear that the 5-ATT molecule has only one form of the
protonation 5-ATTH" (100%). On the other hand, the 5-AMT molecule has three possible
protonated forms such as 5-AMTH* (form 1: 39%), 5-AMTH* (form 2: 37%), and 5-
AMTH,** (form 3: 24%). The percentage of the only protonation for the two nitrogen atoms is
almost the same, while the percentage of double protonation is less important than single
protonation. This diversity of protonated sites indicates a high level of reactivation of the 5-
AMT molecule in the acidic medium. This explains why this molecule is more effective
against corrosion than 5-AMT. In the following, we investigated the effect of protonation on

the electronic behaviour of the molecules surveyed exploiting DFT calculation.
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Fig. 14. Possible forms of protonation of 5-ATT and 5-AMT in the acidic medium.

The optimized structures and electron density distribution of FMOs in the ground state
of the protonated forms of the 5-ATT and 5-AMT molecules are displayed in Fig. 15. It is
clear from analysis of this figure that the density of HOMO and LUMO is dispersed over the
entire molecular skeleton of all protonated forms, i.e. all the atoms of the molecules studied
are capable of reacting with the iron atoms of the metal surface. This result proves that the
protonation of the selected molecules does not influence the electron density distribution,
which leads to a better adsorption of these forms on the surface of the substrate. The different
values of quantum chemical descriptors calculated of the selected molecules in the protonated
form exploiting at B3LYP/6-31G (d, p) are shown in Table 11. Comparative analysis of the
results accumulated in this Table suggests that all protonated forms of 5-AMT are more
chemically reactive than the protonated form of 5-ATT. This also confirms the order of

inhibitory efficacy observed experimentally.
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Optimized geometry HOMO LUMO

5-ATMH* 5-ATTH*
(form 1)

5-ATMH*
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5-ATMH*
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Fig. 15. Optimized structures, HOMO and LUMO for the protonated forms of 5-ATT and 5-AMT at
B3LYP/6-31G (d, p) in gas phase.

Generally speaking, protonation results in an increase in the reactivated of protonated
molecules, this is justified by a decrease in the values of the descriptors AEg, and 7. In
addition, the high values of Erumo, @ and y, as well as the negative values of ANiio, of the
protonated forms are characterized by a high electron receptor effect from the electron donor
group located in the metal surface [93]. This effect is very important in the case of double

protonation (5-AMTH** (24%)).
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Table 11
Quantum chemical descriptors for the protonated forms of 5-ATT and 5-AMT at B3LYP/6-31G (d, p)
in gas phase.

Possible protonated Exomo Erumo AEgap n X ANi10 w &

forms eV) eV) eV) eV) eV) €V) (eVh
5-ATTH* -11.229 -6.178 5.051 2.525 8.703 -0.769 14997  0.067
5-AMTH* (form 1) -9.466 -5.267 4.199 2.099 7.366 -0.606 12923  0.077
5-AMTH* (form 2) -9.864 -5.979 3.885 1.942 7.921 -0.798  16.152  0.062
5-AMTH,** (form 3) -13.639 -10.158 3.481 1.740 11.898  -2.033 40.671  0.025

3.6.3. Local selectivity (Fukui indices)

In order to identify the local selectivity of the inhibitory molecules 5-ATT and 5-
AMT, the Fukui functions were calculated exploiting the DMol®> module integrated in the
Materials Studio package (version 8.0) [94]. In this analysis, the Generalized Gradient
Approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) formula was employed for the
electron exchange potential-electron correlation [95], and the all-electron computations were
carried out with a double numerical basis (DNP 4.4). Fukui functions allow describing the
reactive sites that are responsible on the electrophilic ( f;”) and nucleophilic ( f;") attacks of
the molecules under review. Generally, the most condensed functions show the most active
sites (atoms) [96]. Fig. 16 illustrates the densities of the Fukui functions for neutral and

protonated molecules for electrophilic (cyan color) and nucleophilic (wine color) attacks. The

general observation that is noted from this figure, the protonation leads to decreased density
of f. (cyan color), i.e. the donor power of electrons is reduced by this effect. In addition, the
majority of sites in the structure of neutral molecules are occupied by condensed functions

(f” and f"), indicating high reactivity with sites on the metal surface.
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Fig.16. Condensed Fukui functions ( f; (cyan color) and fi+ (wine color)) distributed on the skeleton
of neutral and protonated inhibitory molecules.

3.7. MDS evaluation
3.7.1. Neutral form/Fe (110) interface

The protection of a metal surface by inhibitor molecules depends on the mechanism of
action, i.e. the adsorption performance [97]. Therefore, to obtain more information on this
phenomenon, molecular dynamics simulation (MDS) was exploited, taking into account the
considerations of the corrosive medium (HCI) [98.99]. Fig. 17 gives the best adsorption

configuration of the neutral molecules of 5-ATT and 5-AMT on the Fe (110) surface.
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Fig. 17. Constant adsorption configurations of (a) 5-ATT and (b) 5-AMT neutral molecules on the Fe
(110) surface in HCI at 303 K.

It was very apparent that the tested molecules are adsorbed by the whole molecular
structure, covering a large part of the contact surface. The advantage of the 5-AMT molecule
is a large molecular surface area skeleton caused by the presence of methoxyphenyl group
compared of 5-ATT, resulting in the best protection of the M-steel surface. In addition,
parallel adsorption indicates that 5-ATT and 5-AMT compounds exhibit several local active
sites, revealing high chemical reactivity of these species.

The energy descriptors, i.e. the interaction energy (Einteraction) and the binding energy
(Ebvinding), are exploited to evaluate the interaction and adsorption power of the tested
inhibitory molecules with the Fe (110) surface, respectively. To calculate the values of the

two energy descriptors mentioned, we exploited the two following equations [100]:

(Eq. 12)

interaction = Etotal - (Esurface+soluli0n + Einhibitor)

Ebinding =-FE

interaction

(Eq. 13)
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The calculated values of Einteraction and Ebinding Of the adsorbed molecules are collected
in Table 12. As noted in this table, the negative values of Eineraciion and the positive and high
values of Ebindging indicate that the adsorption process of the molecules under discussion occurs
spontaneously and that 5-ATT and 5-AMT adsorb efficiently on the substrate surface [101].
Therefore, compared with 5-ATT, the high value of Evinging of 5-AMT shows that this
molecule is more effective against M-steel corrosion in acidic medium [102]. This result

reinforces the order of inhibitory efficacy reported in Table 9.

Table 12

Einteraction and Ebinding €nergies for 5-ATT and 5-AMT on the Fe (110) surface at 303 K.

System Einteraction Ebinding
(kJ mol™") (kJ mol™)

5-ATT / Fe(110) -342.239 342.239

5-AMT / Fe(110) -389.820 389.820

3.7.2. Protonated form/Fe (110) interface

In the DFT section, we have already discussed that protonation leads to an increase in
the overall chemical reactivity of the protonated forms. A similar study was conducted
exploiting MDS. Fig. 18 shows the different final adsorption configurations of different
protonated forms of the molecules in question. The visual inspection of the images portrayed
in the side and top views shows that despite protonation the molecules are still adsorbed by
the entire molecular structure. This reflects a better reactivated of the investigated compounds

with the metallic surface, indicating a better protection of the examined M-steel.
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Fig. 18. Constant adsorption configurations of (a) 5S-ATTH* (100%), (b) 5-AMTH* (form 1), (c) 5-
AMTH?* (form 2), and (d) 5-AMTH,** (form 3) protonated molecules on the Fe (110) surface in 1 M
HCI at 303 K.

To better understand the effect of protonation on the reactivity of the studied
molecules with the metal surface, we exploited energy descriptors such as Eineraction and
Evinding. The values of these descriptors are grouped in Table 13. It is very clear that the of
Einteraction are shifted towards the most negative of all protonated forms, leading to an increase
in the reactivity of the forms in relation to the surface of the contact, i.e. the protonation
positively influences the inhibitor/Fe interfacial interaction. In addition, the more positive
values of the protonated forms in comparison with the neutral forms indicate that these forms
are well adsorbed on the surface of the iron. There is also increased reactivity in the case of
double protonation of 5-AMT. Similarly, protonation does not change the order of

effectiveness discovered experimentally.
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Table 13
Eineraction and Epinging €nergies for 5-ATTH*, 5-AMTH* (form 1), 5-AMTH?* (form 2), and 5-AMTH,**
(form 3) protonated molecules on the Fe (110) surface at 303 K.

System Einteraction Ebinding
(kJ mol™) (kJ mol ')
5-ATTH" / Fe(110) -365.015 365.015
5-AMTH? (form 1) / Fe(110) -406.981 406.981
5-AMTH" (form 2) / Fe(110) -4013.204 4013.204
5-AMTHH?* (form 3) / Fe(110) -429.979 429.979

3.8.2. RDF method

The adsorption of inhibitor molecules on the surface of the metal depends essentially
on the types of bonds formed between them [103]. The radial distribution function (RDF)
method emphasizes the structural analysis of the MD simulation results and has been
employed to detect the type of chemical, physical, or both chemical and physical bonds. If the
value of these lengths is of the range of 1-3.5 A, in this case there is the appearance of the
chemical aspect, indicating a strong adsorption, while if the bond length value is > 3.5 A, then
the physical appearance occurs easily [104]. Figs. 19 and 20 reveal that the observed values
on the first peak for each bond length of the adsorption of neutral and protonated molecules
on the surface of Fe (110) at the simulated temperature of 303 K are in the chemisorption
range for the bond lengths depicted in these figures. These results show that both forms

adsorb on the metal surface through coordination bonds.
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Fig. 20. RDF method of protonated forms of 5-ATT and 5-AMT on Fe (110) surface in 1 M HCl
solution at 303 K obtained exploiting MD simulation.

41



10

11

12

13

14

15

16

4. Conclusions

2-Amino-5-(2-methoxyphenyl)-1,3,4-thiadiazole (5-AMT) was found to show
excellent protection properties for M-steel corrosion in 1 M HCI solution and the maximum
protection efficiency is about 98% at 5x10* M at 303 K. PDP technique indicates that the
tested 1,3,4-thiadiazole is a mixed type corrosion inhibitor in 1 M HCI medium. EIS
measurements show that the polarisation resistance (R,) increased and the double layer
capacitance (Ca) decreased in the presence of 5-AMT indicating the adsorption of this
inhibitor on the M-steel surface. The adsorption of 5-AMT obeyed to Langmuir adsorption
isotherm and the thermodynamic results as well as XPS study further suggested the
combination of physisorption and chemisorption. Both the computational DFT calculations
and MD simulation outcomes showed the reasonable correlations between the anti-corrosion

activity of the tested inhibitor and their chemical structure properties.
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