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Experimental and computational
approach on the corrosion
inhibition properties of two newly
pyrazole derivatives on carbon
steel in acid medium
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In the current investigation, the efficiency inhibition of two newly synthesized bi-pyrazole
derivatives, namely 2,3-bis[(bis((1 H-pyrazol-1-yl) methyl) amino)] pyridine (Tetra-Pz-Ortho) and
1,4-bis[(bis((1 H-pyrazol-1-yl) methyl) amino)] benzene (Tetra-Pz-Para) for corrosion of carbon steel
(C&S) in 1 M HCl medium was evaluated. A Comparative study of inhibitor effect of Tetra-Pz-Ortho
and Tetra-Pz-Para was conducted first using weight loss method and EIS (Electrochemical Impedance
Spectroscopy) and PDP (Potentiodynamic Polarisation) techniques. Tetra-Pz-Ortho and Tetra-Pz-
Para had a maximum inhibition efficacy of 97.2% and 96.2% respectively at optimum concentration
10-3mol/L and temperature 303 K, according to the data, suggesting that they are both effective
inhibitors. The inhibition effectiveness of Tetra-Pz-Ortho and Tetra-Pz-Para increases significantly with
higher concentration but decreases as temperature rises. The adsorption study demonstrated that
the two molecules tested follow the Langmuir adsorption isotherm and chemically adsorbed on the
metallic surface. The polarization methods showed that both compounds Tetra-Pz-Ortho and Tetra-
Pz-Para were classified as mixed inhibitors. Based on the electrochemical impedance technique, the
addition of the two inhibitors increased the charge transfer resistance and decreased the double layer
capacity. In addition, the scanning electron microscopy (SEM) showed that the surface roughness

of the C&S was considerably reduced in the presence of both Tetra-Pz-Ortho and Tetra-Pz-Para
compared to its roughness without the inhibitors, indicated that the two inhibitors are effectively
absorbed onto the carbon steel surface. These results were supported by elemental analysis of the
metal/solution interface using X-ray photoelectron spectroscopy (XPS), for the two molecules tested.
All studies demonstrated that the compound Tetra-Pz-Ortho is the most effective inhibitor. The DFT
calculations and Monte Carlo/Molecular dynamic (MC/MD) simulations were treated and discussed for
both compounds Tetra-Pz-Ortho and Tetra-Pz-Para in order to explain their interfacial approach and
compared them to experimental results. The computational results of quantum chemistry were in
agreement with those acquired by experimental methods.
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Degradation of metals like steel, which is a global industrial activity, is often viewed as a threat to systems
striving for greater sustainability. Steel is used in a several industrial processes in acid solutions (HCI, H,SO
HNO, or H,PO,) for cleaning, descaling or pickling operations so as to remove undesirable scale and rust'- é
Carbon steel is one of the metals with weak behavior towards acidic environments, giving rise to corrosion
attack and consequently a horrible cost in industrial field®”. Corrosion inhibitors are classed based on their
chemical structure, methods of action, and other properties®®. One of the most important types is organic
corrosion inhibitors, having gained the highest importance due to their simplicity of synthesis, low cost, and
strong protective ability!°. Corrosion organic inhibitors played an important role to reduce corrosion damages
and consequently hinder the degradation of the metal'!~!>. Based on the available data, organic inhibitors
function via adsorption and protect the metal through film formation'*. The great majority of the corrosion
organic inhibitors are heterocyclic compounds containing heteroatoms (O-atoms, N-atoms and S-atoms) as
well as the aromatic rings rich in lone pair of electrons and n-electrons delocalised which are transferred to iron
surface having vacant d-orbital, giving thus, high efficiency!>~%°. Furthermore, compounds with Sulphur atoms
efficiently block sulphuric acid, whereas organic anticorrosion substances containing nitrogen are beneficial for
metals in corrosive HCI acid. Similarly, molecules that include Sulphur and nitrogen function well to prevent
corrosion in both media?!. The adsorption ability of organic inhibitors is strongly related to their planar structure,
the nature of functional groups, aromatic rings, steric as well as electronic factors®*?*. Moreover, molecules
types with wide geometric structure with the presence of heteroatoms and aromatic rings are proven to be good
corrosion inhibitors?®. It was demonstrated that these physicochemical characteristics, which are connected to
the electron-donator action of the electron-rich groups, are the primary determinants of a good adsorption of
these inhibitors on metal surfaces®. On the other hand, heterocyclic molecules have an interesting attention
as bioactive molecules in pharmaceutical industry; We can quote for example fragments of molecules such as
Thiazoles, Pyrimidines, Benzotriazole and Pyrazoles derivatives®®-2%.

The present study aims to investigate the protective impact of two synthesized bis-pyrazole derivatives
Tetra-Pz-Ortho and Tetra-Pz-Para (Fig. 1), on C&S corrosion employing a gravimetric and electrochemical
techniques in a 1 M hydrochloric acid solution. These compounds are easy to synthesise and are considered to be
heterocyclic compounds of therapeutic interest’®. Among the methods employed, the weight loss measurement
was chosen to assess the thermodynamic activation parameters and the adsorption isotherm. EIS and PDP
techniques were used to examine corrosion process and to determine electrochemical parameters of C&S both
before and after the two inhibitors (Tetra-Pz-Ortho & Tetra-Pz-Para) were added in acid solution. Surface
analysis using SEM was performed for C&S specimens with the aim to determine the chemical composition of
the inhibitor film and follow of its adsorption mode. The correlation between the structures of molecules Tetra-
Pz-Ortho & Tetra-Pz-Para and their inhibitory properties have been investigated by utilizing computational
chemistry methods. In order to do this approach clearly, and to better interpret the mechanism of inhibition, the
reactivity descriptors of the two molecules have been calculated using density functional theory (DFT) method.
The mechanism of the C&S-inhibitor interaction has been investigated using MD simulations.

Experimental section

Organic synthesis and chemical data

The two tetra N-alkylated heterocyclic compounds: 2,3-bis[(bis((1H-pyrazol-1-yl) methyl) amino)] pyridine
(Tetra-Pz-Ortho) and 1,4-bis[(bis((1H-pyrazol-1-yl) methyl) amino)] benzene (Tetra-Pz-Para) were prepared
from the benzene-1,4-diamine and 2,3-diaminopyridine using the synthesis procedures described in the
Scheme 1. The first step consists of the preparation of 1-(hydroxymethyl)-3,5-dimethylpyrazole from (Z)-
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Fig. 1. Molecular Structures of Tetra-Pz-Ortho and Tetra-Pz-Para.
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Scheme 1. Synthesis of Tetra-Pz-Ortho and Tetra-Pz-Para.

4-hydroxypent-3-en-2-one. It is an important common step for the preparation of both molecules. The new
synthesized compound 2,3-bis[(bis((1H-pyrazol-1-yl) methyl) amino)] pyridine (C,gH, N, with MW: 541.71,
other nomenclature: N, N, N’, N-tetra-((3,5-dimethyl-1 H-pyrazol-1-yl) methyl) pyridine-2,3-diamine) was
prepared from the condensation of 1-(hydroxymethyl)-3,5-dimethylpyrazole with pyridine-2,3-diamine under

optimum gentle conditions and was characterized using FTIR and NMR (1 H & 13 C) spectroscopy as follows?:

FTIR (KBr, cm™): 3000(= C-H); 2363 (C-H); 1555 (C=C); 1532 (C-C); 1396 (C-N); 1304 (C=N); 1132 (N-N);
782 (=C-H).

NMR'H (CD,Cl,, 500 MHz) & ppm : 7.13 (d, 1H, CH (1)); 6.57 (d, 1H, CH (3)); 6.06 (dd, 1H, CH (2)); 5.89
and 5.80 (s, 4H, CH (4)); 5.51 and 5.42 (s, 8 H, CH,); 2.45 (s, 12 H, CH, (a, b)).

NMR"C (CD,Cl,, 500 MHz) § ppm: 140.09 (C (1)); 138.68 (C (4, 5')); 148.42 and 138.99 (C (3")); 109.53 (C
(2)); 107.94 (C (3)); 105.89, 105.13 and 105.05 (C (4)); 56.48 (C (CH,)); 13.14, 10.82 and 10.37 (C (CH,)).

Yield 73.91%, Mp=116-118 °C.

The moleculel,4-bis[(bis((1H-pyrazol-1-yl) methyl) amino)] benzene (or N, N, N’, N*- tetra -[(3,5 -dimethyl-1-
pyrazolyl) methyl]-para-phenylenediamine) has been resynthesized following the same procedures as those for
the preparation of (Tetra-Pz-Ortho), as described in a previous work>%>!.

Electrolyte and materials

The blank electrolyte utilized in this study is a commercial hydrochloric acid solution 37%, which has been
diluted to 1 M. In the purpose of preparing the various concentrations of the inhibitor, the appropriate quantities
were weighed using an electronic balance, placed in a graduated flask, and then completed with the blank
solution, followed by thorough mixing to achieve homogeneity. Consequently, solutions with concentrations
ranging from 107> M to 107® M were prepared for weight loss and electrochemical analyses. The C&S metal
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plates tested in this study possess the following chemical composition: 0.370% (C), 0.230% (Si), 0.680% (Mn),
0.016% (S), 0.077% (Cr), 0.011% (Ti), 0.059% (Ni), 0.009% (Co), 0.160% (Cu), with the remainder being iron.
The C&S samples are disc-shaped with an area of 1 cm? for electrochemical testing, and square pieces measuring
2.5 cm x 2.5 cm x 0.05 cm for gravimetric measurements. These samples were prepared and cleaning according
to ASTM G1-03 standard procedures®?, the specimens were polished using a range of emery paper from grit 180
to 1200, followed by rinsing with bidistilled water and acetone, drying, then immersion in the 1 M hydrochloric
acid solution, both with and without the addition of various doses of inhibitors for both experimental methods.
The immersion time employed for the concentration effect test was 6 h at 303 K for the weight loss method, while
for the temperature effect study 303 to 333 K, the immersion time was 1 h. Each experiment was carried out in
triplicate, with three carbon steel sheets weighed, and the resulting averages were calculated.

Electrochemical measurements

Concerning electrochemical study, we used a three-electrode cell; WE (Working Electrode) with a surface of C&S
that has been prepared before, RE (reference electrode) in which based on SCE (Saturated Calomel Electrode)
and CE (counter electrode) that is in platinum. This cell, with double-wall thermostated and a capacity of 100mL,
is connected to a potentiostat/galvanostat PGZ-100 controlled by a “Voltamaster4” software computer, which
provides the Tafel curves and impedance diagrams. For the different concentrations of inhibitors, a stabilisation
step of the working electrode, maintained at the solution for 30 min, is necessary in order to establish a steady-
state open circuit potential (OCP). the polarization curves plots carried out in a range of potential from —800
to -100 mV by respecting a scan rate of 0.5 mV/sec. EIS diagrams were made in an interval of frequency from
100 kHz to 10 mHz with AC signal of amplitude 10 mV at OCP potential.

Surface analysis technical

The surface of C&S specimen has been explored by the device SEM (Scanning Electron Microscopy) model
TESCAN VEGA3-EDAX. Images from scanning electron microscopy (SEM) were taken with an accelerating
voltage of 10 kV and a magnification of 1.00 kx. Sample preparation on the C&S substrate follows the same
procedure as described in Sect. 2.3. The obtained SEM micrographs of the tested specimens’ surface of C&S were
observed and analysed before and after immersion in 1 M HCI solution for 24 h without and with Tetra-Pz-
Ortho and Tetra-Pz-Para, to assess the type and structure of the shielding layer that has been deposited.

X-ray photoelectron spectroscopy (XPS SPECS-Flex) was used to generate XPS spectra. The source was a
monochromatic Al-Ka X-ray source (hv=1486.71 eV) with an approximate 3 mm X-ray beam. The analyzer and
its average surface analysis lens were operating with a pass energy of 40 eV. A charge correction was implemented
during the analytical phase to counteract charge effects, with the binding energy (BE) of C 1s (285.0 eV) acting as
the internal reference. A non-linear least-squares method utilizing a Shirley baseline and a Gaussian-Lorentzian
combination was used to deconvolve the XPS spectra. This deconvolution was mostly carried out on all spectra
using Casa-XPS software. These XPS studies were carried out with and without inhibitors on the steel surface.
C&S samples were prepared in compliance with the gravimetric technique test protocol, dried, and inspected
thereafter.

UV-visible analysis

Ultraviolet-visible absorption spectrophotometry (UV-Visible) has been also used to investigate the behaviour’s
mechanism of Tetra-Pz-Ortho and Tetra-Pz-Para with C&S-substrate surfaces in 1 M HCI environment. the
solutions were prepared in the presence of inhibitors Tetra-Pz-Ortho and Tetra-Pz-Para and analysed by UV-
visible spectrometer, before and after immersion of C&S samples. The samples are completely immersed there in
and left for 24 h in the tested inhibitory solution at the working temperature. 200-800 nm was the wavelength
range that was investigated, and a Jenway 67 series UV-visible spectrophotometer was employed.

Quantum computing method DFT

Quantum computing

The electronic properties of of Tetra-Pz-Ortho and Tetra-Pz-Para were studied using the quantum chemical
method to foretell a possible reactivity tendency of these compounds. In order to achieve this, a DFT calculation
is used to determine the quantum chemical descriptors using B3LYP functional and 6-31G(d, p) basis set, treated
by the Gaussian (09 W) 2013 program module®?. The calculation of the quantum-chemical descriptors was made
according to equations described in previous work?*34,

Monte Carlo and molecular simulations study details

The Monte Carlo (MC) and molecular dynamics (MD) simulations methods were adopted to examine the low
configuration adsorption energy and the adsorption mode of the interactions of molecules Tetra-Pz-Ortho and
Tetra-Pz-Para on the metal area. The Adsorption Locator module in the Materials Studio 7.0 package was used
to perform the Monte Carlo simulation®*. The simulation was carried out with iron crystal with imported and
cleaved along (110) plane (Fe (110)) with a slab of 5 A to prevent any arbitrary impacts at the boundaries. In
an effort to provide the two inhibitors a broad surface area for interaction, the Fe (110) plane was extended to
a (10x10) super cell, and a 20 A vacuum was created along the z-axis. We added 200 molecules of water to the
simulation box to replicate the real corrosion environment. MD simulation was performed to evaluated the
different low energy configurations of the interaction between Tetra-Pz-Ortho and Tetra-Pz-Para inhibitor
molecules and the Fe surface in 200 water molea{les and one 5HCI (5H,0%, 5CI"). The calculations were carried
out in a simulation box 24.82Ax24.82Ax38.11A with periodic boundary conditions. The Condensed phase
Optimized Molecular Potentials for Atomistic Simulation Studies (COMPASS)¢37 force field was used with
a time step of 1 fs and a simulation time of 500 ps. The simulation temperature was set at 303 K under NVT
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(constant volume and temperature) ensemble and controlled by an Andersen thermostat. In simulation system,
the interaction and binding energies are determined using the equations below:

EInteraction = ETotal - (ESurface + EInhibitor) and EBinding = _EInteraction (1)

where E,_ | is the total energy of the metal surface and adsorbed inhibitor molecule, E

total
surface, and E. is the energy of the inhibitor.

inhibitor

is the energy of the

surface

Results and interpretation

EIS analysis

The EIS (Electrochemical Impedance Spectroscopy) is relevant electrochemical non-destructive techniques
widely used in corrosion domain; it allows the corrosion inhibition potential to be assessed by exploring
the interactions in the vicinity of the acid solution /metal interface. The mechanism of the electrochemical
process and the phenomena of corrosion are closely related. The major focus of corrosion research is on the
features of corrosion that take place at the interface between the electrolyte and the metal surface®®. Therefore,
the system studied C&S/solution of Tetra-Pz-Ortho and Tetra-Pz-Para was handled using the EIS technique,
which permits the charting of the Nyquist and Bode diagrams, following stabilization by immersion in solutions
for 30 min. Among the parameter reflecting the anti-corrosion efficacy for this technical, a simple method to
measure efficiency is to identify the polarisation resistance, which is often estimated as the region encircled by
the semicircle in Nyquist plots (#,(%)) according the following equation

R n _R ree
nz (%) = (M) % 100 )
Rp,Inh

The polarization resistance in inhibited and uninhibited solutions is denoted by R;,. , and R, , respectively.

Figure 2 displays the Nyquist and Bode-phase graphs of C&S in the inhibited and uninhibited systems.
The Nyquist plots show depressed capacitive semicircles, as can be shown, indicating that a charge transfer
mechanism governs the Tetra-Pz-Para& Tetra-Pz-Ortho and C&S /1 M HCI systems. It can be seen that all
the Nyquist plots (Fig. 2a) show similar capacitive semicircles, indicating that the inhibition and uninhibited
systems use the same reaction mechanism. Additionally, a rise in inhibitor amounts is linked to an increase in
capacitive semicircle size; this phenomenon may be explained by an increase in Tetra-Pz-Ortho and Tetra-Pz-
Para adsorbed molecules surface coverage on the C&S surface®. A single peak is shown in bode-phase plots
(Fig. 2b) for both cases tested, revealing one time constant. The maximum phase angle (in absolute value) and the
frequency interval of gets bigger by adding of Tetra-Pz-Ortho and Tetra-Pz-Para, showing a good adsorption of
these inhibitory molecules on C&S interface®. To utilize the electrochemical impedance spectroscopy (EIS) data,
an electrical circuit model was applied to fit the EIS spectra. This model consisted of the electrolyte resistance
(R,), the polarization resistance (R , which is equal to the sum of R  and Rf‘“), and the constant phase element
(CPE), as shown in Fig. 3. The double-layer capacitance (Cdl) was replaced with the CPE impedance in order
to improve the EIS results from the experiment. Equations 3 and 4 provide definitions for this substitution®2:

ZCPE = Ail(iw)il (3)

Ca = (Ax RL™)Y" “

where n, A, i, and w symbolize the deviation index, the CPE constant, the imaginary number, and the angular
frequency, respectively.

The basic parameters presented in Table 1 were established using the EIS diagram fitting findings for Tetra-
Pz-Ortho and Tetra-Pz-Para at different doses. The values of R attained maximum loop diameter of 705.7
and 562.8 Q cm? at 10~* M for Tetra-Pz-Ortho and Tetra-Pz-Para, respectively. Table 1 also demonstrates an
increase in efficiency with concentration of inhibitors and the #,(%) values reached 96.9% and 96.2% at 107> M
concentration for Tetra-Pz-Ortho and Tetra-Pz-Para, respectively. These results show that Tetra-Pz-Ortho and
Tetra-Pz-Para have extremely good inhibitory properties. The augmentation in values of R_and the concurrent
decline in C as function of raising concentration of inhibitors, so that the R values rise after adding Tetra-Pz-
Ortho and Tetra-Pz-Para molecules, reveal the substitution of H,0 molecules and chlorine ions at the C&S
surface by Tetra-Pz-Ortho and Tetra-Pz-Para molecules, implying the rise in the thickness of the electrical
double layer, and diminishing the local dielectric constant, which indicated that Tetra-Pz-Ortho and Tetra-Pz-
Para act as the good inhibitors at the interface C&S/solution®.

A comparative study of diagrams of phase angle and impedance module |Z| for C&S in presence of Tetra-
Pz-Ortho and Tetra-Pz-Para at 10> M in 1 M HCI show a slight difference between the loop diameters of the
two inhibitors, giving closely efficiencies (96.9% and 96.2%), respectively. All that justifies the excellent inhibitor
effect whether for Tetra-Pz-Ortho or Tetra-Pz-Para, with a slight distinction for Tetra-Pz-Ortho, by covering a
large area of metal, which lead to the efficient protection. This high rise of 77,(%) is certainly due to the presence
of four pyrazole rings in each molecule and their position in the aromatic ring (benzene and pyridine). Indeed,
there are a lot of heteroatoms in these compounds, more than ten N-atoms+amino form, in addition to their
molecular size larger, building a chelate form in Tetra-Pz-Ortho and leading to a covering of C&S-surface. This
chelates effect may lead to the greater affinity of chelating ligands (pyrazole) for the iron ion, giving a significant
inhibitor effect and this is the source of these molecules” highly active centres, which increase adsorption on the
C&S surface these molecules’ highly active centres, which increase adsorption on the C&S surface. Furthermore,
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Fig. 2. (a) Nyquist diagrams for C&S /1 M HCl/Tetra-Pz-Ortho and Tetra-Pz-Para systems. (b) Bode-phase
diagrams for C&S/1 M HCl/Tetra-Pz-Ortho and Tetra-Pz-Para systems.

Fig. 3. Equivalent circuit to simulate impedance spectra of system C&S / inhibitors.

Tetra-Pz-Ortho and Tetra-Pz have larger values of #,(%), which can be attributed to their broad molecular
structures and the number of nitrogen lone pairs that create a denticity, particularly in Tetra-Pz-Ortho. A same
comparative analysis of parameters impedance module |Z| and phase angle represented in Fig. 2b was carried
out and illustrated this excellent inhibitory effect of Tetra-Pz-Ortho compared to Tetra-Pz-Para, at the optimal
concentration.

The double layer capacity C,; shows also a decrease as function of concentration of inhibitors, and fitted in
parameter A that decreases from 132.1 107 Q7! s" cm™2 at 107 M t0 32.7 107 Q7! s" cm~2 at 10> M and from
1435100 Qs cm™2 at 10°° M to 33.5 107° Q! s" cm™2 at 10~ M for Tetra-Pz-Ortho and Tetra-Pz-Para,
respectively. Furthermore, the A values of the system without inhibitors are higher than those of the protected
system, this uncovers that the investigated Tetra-Pz-Ortho and Tetra-Pz-Para interact with the C&S surface
and thus, blocking the uncovered active sites of the metal. Also, the increase in #n values upon the addition
of both Tetra-Pz-Ortho and Tetra-Pz-Para results from a decrease in the heterogeneity of the C&S surface?.
This indicates that the process of interfacial remains unchanged and that a protecting film of inhibitors can be
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Conc. | R, R 10°xA Cq T

™M) | (@em?) |(@Gem?) | (@Is"em?) |n | (@Eem®) |2 | (ms) | n,(%)
HCI Blank | 0.8 21.57 293.9 0.85 | 116.2 0.002 | 2.51 | ***

1073 4.2 705.7 32.7 0.87 18.6 0.005 | 13.13 | 96.9

107 2.6 430.9 44.5 0.86 | 234 0.009 | 10.08 | 95.0
Tetra-Pz-Ortho

10° 3.1 217.2 84.8 0.84 | 39.3 0.004 | 8.54 | 90.1

107° 2.1 106.9 132.1 0.83 | 55.2 0.002 | 5.90 | 79.8

1073 2.8 562.8 33.5 0.88 19.5 0.004 | 10.97 | 96.2

107 1.8 298.8 67.2 0.84 | 319 0.008 | 9.53 | 92.8
Tetra-Pz-Para

10~ 1.2 174.5 121.7 0.84 | 58.4 0.007 | 10.19 | 87.6

10°° 1.9 95.2 143.5 0.83 | 59.6 0.009 | 5.67 | 77.3

Table 1. EIS characteristics of C&S corrosion in 1 M HCl in the absence and the presence of Tetra-Pz-Ortho
and Tetra-Pz-Para.
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Fig. 4. PDP curves of C&S uninhibited and inhibited with different concentrations of Tetra-Pz-Ortho and
Tetra-Pz-Para in 1 M HCl at 303 K.

adsorbed at C&S surface*®. The relaxation time (7) is also dependent on the values (C,), which can be found
using the following formula®®.

T = (Cdl X Rp) (5)

Depending on the concentration of Tetra-Pz-Ortho and Tetra-Pz-Para, the relaxation time constant a becomes
more significant, which supports a delayed adsorption process time*. It is also worth noting that the values of
xi-square (x?) (Table 1) are very low values in the tested range of concentration, which confirms the proposed
circuit!’. This brings with it the possibility of a blocking of the active sites responsible of the dissolution of C&S
in the presence of both Tetra-Pz-Ortho and Tetra-Pz-Para, in addition to adsorption phenomenon.

These molecular structures might also activate the bond formation with the vacant d-orbitals of Fe atoms at
the surface, this character will be most significant for Tetra-Pz-Ortho than that Tetra-Pz-Para. The molecular
structure of the latter easily leads to adsorption by chemisorption or physisorption or both*’. Furthermore, as
stated in the literature®, this event is proof of the formation of the bond O-Fe, with distinctive donor-acceptor
interactions between the Fe unoccupied d-orbitals and the electron pairs (sp?) of the N-atoms in the amino
groups and pyrazole ring.

PDP measurements

PDP plots of C&S in 1 M HCI electrolyte alone and with Tetra-Pz-Ortho and Tetra-Pz-Para inhibitors are
elucidated in Fig. 4. The deduced parameters from these curves for the different concentrations tested are
regrouped in Table 2, namely current density, Tafel slopes, corrosion-potential (noted respectively: catodic-
(B anodic-B (B,), i, , and E_ ). Inhibitory effectiveness based on i_ of each inhibitor was calculated by this

corr

Eq:
7 —1
Erafe (%) = (WWM> % 100 6)
leor, free
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Conc. | -E i n
Medium (M) | (mV'vs.SCE) | Aem™) |-p. |, | ()
HCl Blank | 456.3 1104 112 |1554 | -

1073 | 466.0 30.8 156.5 | 76.6 | 97.2

1074 | 461.9 53.3 151.2 | 76.0 | 95.2
Tetra-Pz-Ortho

1075 | 442.0 114.7 147.5 | 61.6 | 89.6

1076 | 483.1 199.3 1053 | 85.0 |81.9

1073 | 4774 44.2 78.0 |88.4 |96.0

107* | 4786 68.6 91.1 |71.4 |938
Tetra-Pz-Para

1075 | 469.2 136.7 1435 | 69.3 | 87.6

1076 | 480.1 266.1 153.2 | 89.3 | 75.9

Table 2. Data deducted from Tafel extrapolation of C&S in 1 M HCI uninhibited and inhibited with different
concentrations of Tetra-Pz-Ortho and Tetra-Pz-Para in 1 M HCl at 303 K.

Conc. | W_ Nw
Medium (M) (mgem=2h) | (%)
HCl Blank | 1.552 -

10 |0.314 79.76

10° | 0.182 88.27
Tetra-Pz-Ortho

1074 | o0.101 93.49

102 | 0.071 95.42

10° | 0.367 76.35

10°  |0.211 86.40
Tetra-Pz-Para

1074 | 0.108 93.04

107 | 0.079 94.91

Table 3. WL parameters for C&S uninhibited and inhibited with different concentrations of Tetra-Pz-Ortho
and Tetra-Pz-Para in 1 M HCl at 303 K.

where i is the corrosion current in uninhibited solution and i is the corrosion current in inhibited

cor.free cor.inh
solution, respectively.

The anodic and cathodic current densities decreased with the progressive addition of Tetra-Pz-Ortho and
Tetra-Pz-Para, revealing that the presence of these inhibitors in an acid medium delayed hydrogen reduction
and reduced the anodic dissolution of C&S. Additionally, the cathodic branches appear as parallel lines with
increasing inhibitor dose, suggesting that the hydrogen evolution processes remain unchanged when Tetra-
Pz-Ortho and Tetra-Pz-Para are added*’. The reduction of hydrogen ions at the surface of C&S mostly occurs
via a charge transfer process. The parameters obtained by extrapolating PDP graphs are provided in Table 2. It
is clear that a decreasing in i with an augmentation of concentration of Tetra-Pz-Ortho and Tetra-Pz-Para
molecules leading to an increasing in 7, (%), which reaching values of 97.2% and 96%, respectively for Tetra-
Pz-Ortho and Tetra-Pz-Para. This shows that at 1 M HCI, the two compounds effectively limit the corrosion of
C&S. In the absence of Tetra-Pz-Ortho and Tetra-Pz-Para, the deviation of the corrosion potential is —466.0
mV and -477.3 mV, respectively. In the blank solution, E__(corrosion potential) is — 456.3 mV. The gap (AE ) )
is less than 85 mV in both cases, consequently these inhibitors act as mixt-type inhibitors®’. According to values
Ba and fc (Tafel slopes anodic and cathodic), it appears that this system evolute by slowing the rate of corrosion
without changing the way that metal dissolves!. The values of the inhibitive performances recorded from EIS
and PDP measurements are closely linked and the comes about for the most part appeared that Tetra-Pz-Ortho
has higher performance than Tetra-Pz-Para.

Weight loss analysis

Concentration effect study

A weightloss (WL) method was carried out to ascertain the specimen’s corrosion rate both before and after it was
submerged in blank and inhibited solutions. The main objective was to compare the corrosion rates observed
before and after immersing the specimen in both blank and inhibited solutions. The experiments were conducted
at a temperature of 303 K, during a 6-hours immersion period in both blank (1 M HCI) and inhibited solution,
and utilizing various concentrations. Table 3 regrouped the corrosion rate W_ and the calculated inhibition
efficiency #,, (%) of Tetra-Pz-Ortho and Tetra-Pz-Para. Corrosion rates without and with inhibitors (noted

W,,and W_ . .) and the corresponding 1, (%) were calculated following the Eqs. 7 & 8:
Am
Wcor = 5 7
S xt @
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Weor — Wcor/inh

nw (%) = W

x 100 (8)

where Am(in mg), S(in cm?) and #(in h) are the average weight loss, the entire substrate surface and the duration
of the solution immersion, respectively.

The results in Table 3 show that the inhibitory efficacy of the two inhibitors increases with concentration,
reaching values of 95.42% and 94.91% respectively for Tetra-Pz-Ortho and Tetra-Pz-Para at the optimum
concentration. This high efficiency explains the ability for the both inhibitors to adhere to the C&S area, which
depends, of course, on the chemical structure of each inhibitory molecule?. These inhibitory compounds can
be categorized as effective inhibitors of C&S corrosion in a 1 M HCI solution, confirming the spread of an
inhibitory layer on the surface by the replacement of aggressive components. Indeed, the structure of these
molecules containing aromatic and pyrazole rings with N-atoms and amino groups giving a high electronic
density, this facilitated the adsorption of Tetra-Pz-Ortho and Tetra-Pz-Para through these actives’ centres on the
C&S surface. Consequently, this comportment leads to a significantly covering, and thus formation of adsorbed
film made up of molecules Tetra-Pz-Ortho and Tetra-Pz-Para on the surface of the metal. The aromatic rings’
1 electron content and the non-binding electrons on N-atoms, as well as the pyrazole forms, they contain in
addition to their large size, easily lead to the adsorption of these newly synthesized compounds®2.

Temperature effect study
The temperature is one of the parameters listed in several industrial sector, as a factor affecting on the metal
corrosion in acid medium, by acting on the interaction metal/inhibitors. In general, a good inhibitor must
be stable, particularly in acid pickling baths, at temperatures of 333 K or more. Moreover, the impact of the
variation of this parameter informs on the inhibitory molecules action mechanism through the calculation and
interpretation of activation thermodynamic parameters and allows us to access to the typology of adsorption
process®2. In order to prove this, this study was performed in a temperature interval between 303 and 333 K
at different concentration tested, during a one-hour immersion period in both blank (1 M HCI) and inhibited
solution. The results obtained are reported in Table 4 and show that an increase of T(K) was accompanied by a
considerable rise in corrosion rate W, giving thus a decrease of the effectiveness #,,, (%). The evolution of these
last parameters as function of concentration and temperature in the presence of Tetra-Pz-Ortho and Tetra-Pz-
Para shows (Table 4) that both the molecules acted as effective inhibitors’ even at high temperatures for C&S
corrosion in 1 M HCl and the effects are both concentration and temperature dependent. It is also obvious from
Table 4 that a rise in temperature for each concentration there is slight lowering in the effectiveness #,,, (%) and
the corresponding values of surface coverage (0).

The thermodynamic quantities associated to that phenomenon such as activation energy and enthalpy (E, &
AH,) as well as activation entropy (AS,) are following the Eqs. 9 & 10:

Tetra-Pz-Ortho Tetra-Pz-Para

T |Conc. |\ W_. w,, Ny

(K) | (M) | (mgem™*h™") Ny (%) | 0 (mgem™?h7") | (%) | 0
Blank | 1.519 | - - 1.519 - -
107° | 0.406 | 73.3 0.733 | 0.497 67.3 | 0.673

303 | 10°° |0.289 | 81.0 0.810 | 0.304 80.0 | 0.800
100* | 0.179 | 88.2 0.882 | 0.217 85.7 | 0.857
1073 0.113 | 92.6 0.926 | 0.134 91.2 1 0912
Blank |2.737 | - - 2.737 - -
1076 | 1.094 | 60.0 0.600 | 0.971 64.5 | 0.645

313 | 107° 0.627 | 77.1 0.771 | 0.684 75.0 | 0.750
100* | 0.405 | 85.2 0.852 | 0.512 81.3 | 0.813
1073 | 0.278 | 89.8 0.898 | 0.266 90.3 | 0.903
Blank | 4.457 | - - 4.457 - -
107% | 1.908 | 57.2 0.572 | 1.767 60.4 | 0.604

323 |107° | 1.141 | 744 0.744 | 1.178 73.6 | 0.736
100 |0.812 | 81.8 0.818 | 0.975 78.1 | 0.781
1073 | 0.602 | 86.5 0.865 | 0.558 87.5 | 0.875
Blank |7.108 | - - 7.108 - -
107% | 3.197 | 55.0 0.550 | 3.065 56.9 | 0.569

333 | 10°° 2.089 | 70.6 0.706 | 2.108 70.3 | 0.703
100% | 1.558 | 78.1 0.781 | 1.755 75.3 1 0.753
1073 1.240 | 82.6 0.826 | 1.119 84.3 | 0.843

Table 4. Temperature evolution for each concentration of both Tetra-Pz-Ortho and Tetra-Pz-Parain 1 M
HCL
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Fig. 5. Arrhenius lines for C&S in 1 M HCl medium in the absence and the presence addition of different
concentrations of Tetra-Pz-Ortho and Tetra-Pz-Para.
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Fig. 6. Variation of In (W__ /T) as a function of 1000/T the absence and with the presence of different doses of
Tetra-Pz-Ortho and Tetra-Pz-Para.

In(Weor) = ——== + Ln (A) 9)

(%) = o () + (%) = () o

Where, A, R and h are constants (pre-exponential constant, gas constant and Plank’s constant, respectively)
and N is the Avogrado’s number. The corrosion rate plot In (W_ ) for both Tetra-Pz-Ortho and Tetra-Pz-Para
as function of the inverse of T allow us to calculate E, (Fig. 5), while the calculation of the thermodynamic
quantities AH, and AS_ is done on the basis of the equation of Arrhenius (Eq. 10) and the plot of corrosion rate
W, per T (In (W_ /T)) as function of the inverse of T (Fig. 6).

The thermodynamic quantities values E, & AH_and AS for both the molecules are regrouped in Table 5. The
values of the activation energies vary from 48.28 to 66.82 k] mol™! for Tetra-Pz-Ortho and from 50.79 to 59.58 k]
mol™! for Tetra-Pz-Para, by increasing the concentration (1076 to 10~ M), while E_ value of the blank solution
is of 42.96 k] mol!. It is clear, therefore, that E, values of both the molecules for all tested concentration increase
relative to the blank solution. This augmentation of activation energy in the presence of inhibitors is due to a
decrease of the dissolution of the C&S and the increase in the energy barrier of the corrosion reaction, i.e. both
molecules tested can form an energy barrier to protect the C&S surface vis-a-vis corrosive attack®>.The positive
values of AH_ for all the concentration tested show the endothermic nature of the dissolution of C&S. In the
presence of Tetra-Pz-Ortho and Tetra-Pz-Para, the values of AS, move toward positive way, by passing from the
blank to inhibitory solution and by increasing the concentration, implying the barriers crossing to adsorption
for both inhibitors on the metal surface®*. However, from the Table 5 one noted also that E, value of inhibitor
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C/0

0.0015

Conc. (M) E, (k] mol™") | AH, (k] mol™") | AS (J mol 'k
Blank 42.96 40.37 -108.34
107° | 48.28 45.69 -98.97
107° | 54.86 52.26 -82.78
Tetra-Pz-Ortho
10 | 60.34 57.74 -68.74
1073 | 66.82 64.22 -51.17
107¢ | 50.79 48.24 -91.70
1075 | 53.38 50.79 -87.05
Tetra-Pz-Para
107 | 58.12 55.52 -74.22
1073 | 59.58 56.99 -74.06

Table 5. Thermodynamic parameters of activation of C&S in molar HCI without and with addition of Tetra-
Pz-Ortho and Tetra-Pz-Para.
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Fig. 7. Langmuir adsorption isotherm for C&S in molar HCI without and with addition of Tetra-Pz-Ortho
and Tetra-Pz-Para at different temperatures.

Tetra-Pz-Ortho is greater than that of inhibitor Tetra-Pz-Para, at the optimum concentration this indicates that
Tetra-Pz-Ortho has an inhibitory effect more significant than Tetra-Pz-Para,

Adsorption isotherm model

Both the well-known phenomena of adsorption of the organic compounds as corrosion inhibitors at a metal
surface are the chemisorption and the physisorption. The chemisorption or chemical adsorption can be linked
to the coordination bond formed between d-orbitals of iron atoms and non-bonding electrons of heteroatoms
and/or aromatic ring of inhibitory molecules. The physisorption or physical adsorption can be related to the
interaction between a charge of tested molecular structure and a charge of iron atoms (electrostatic interactions).
Hence, the interfacial adsorption mechanism of the tested molecules as inhibitors can be interpreted on the basis
on the both these phenomena. Among the methods used to treat this subject are the adsorption isotherm studies
of inhibitors, with the purpose to be highlighted the interfacial interactions process substrate/adsorbate>. Based
on the recovery rate (8= E,,; (%)/100) (Table 4) of both Tetra-Pz-Ortho and Tetra-Pz-Para, we tried the various
know isotherms (Langmuir, Freundlich, Temkin ...) to find the one that appropriates best for our case. These
tests have been done using the gravimetric method in the ranging of the proposed concentration (Table 4) at
different temperature (from 303 K to 333 K) as described in Fig. 7. The Langmuir model equation (Eq. 11)
provides the best fit to our data, confirming a Langmuir adsorption isotherm for both molecules tested.

C 1

+C (11)
0 K ads
Where C and 0 are respectively the concentration and the surface coverage of tested inhibitors.
K, is the adsorption equilibrium—constant, its values will make it possible to determine the AG® ,
thermodynamic quantities (Free energies of adsorption) for the different proposed temperature by using the

following equation:
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Temp. | K, AG AHC, AS°,

(K) | (M) |Slope | R? (&J mol™) | (kJ mol™) | (J mol k")
303 420,382 | 1.07 0.9999 | -43.45
313 359,958 | 1.11 0.9999 | -44.45
Tetra-Pz-Ortho -8.84 114.00
323 332,185 | 1.15 0.9999 | -45.62
333 313,888 | 1.20 0.9999 | -46.86
303 251,911 | 1.09 0.9999 | -42.13
313 204,452 | 1.10 0.9999 | -42.95
Tetra-Pz-Para -10.05 105.50
323 186,580 | 1.13 0.9999 | -44.05

333 178,930 | 1.18 | 0.9999 | -45.28

Table 6. Thermodynamic parameters of adsorption for C&S in 1 M HCI medium without and with addition of
Tetra-Pz-Para and at different temperatures.
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Fig. 8. Variation of AG® , vs. T for C&S in HCl containing Tetra-Pz-Ortho and Tetra-Pz-Para.

0
Kadgs = 0.018 X exp (—Ag;‘“) (12)

The value 0.018 is the inverse of the concentration (55.5 M) of water, R is the molar gas constant, and T (K) is the
temperature. Table 6 regroups the main parameters of both the inhibitors, Tetra-Pz-Ortho and Tetra-Pz-Para,
deduced from the plot of the regression line of presented in Fig. 7, with a slope closed to 1 for each temperature
tested, confirming thus the Langmuir model adoption process. The issued parameters of adsorption from
the Langmuir isotherm (Table 6) are exhibiting a regression coefficient R? of 1 for the two molecules. Table 6
shows also that the values of adsorption equilibrium constants K_;  are higher and decrease by increasing the
temperature for each inhibitor (Tetra-Pz-Ortho and Tetra-Pz-Para). Generally, the higher the K, constant, the
adsorption of the tested compounds is loud. This result show that the active sites present on the exposed surface
have been filled with the molecular structures tested”®. The AG’ , values, calculated from K, in accordance
with the Eq. (10), of both Tetra-Pz-Ortho and Tetra-Pz-Para for each temperature vary between — 46 and —42 k]
mol~! (Table 6), i.e. less than —40 k] mol~!, implying that this process is based on chemical adsorbing, even at
high temperatures, which could lead to thin layer adsorbed of these organic molecules on the C&S surface.
Indeed, according to the literature®”$, a value of AGOa 4 less than —40 kJ mol™ corresponds to the chemical
adsorption, a value AG° , bigger than —20 k] mol™ corresponds to the physical adsorption and an intermediate
value thereof can be attributed to a physico-chemical adsorption.

For the other thermodynamic quantities of adsorption (AH’ ,and AS° 8S), they are calculated from the
intercept and slop of Fig. 8, i.e. the plot of the free energy of adsorption AG”_, as function temperature, and
regrouped in Table 6. The obtained values for the pairs parameters (AH‘]u 4 AS°,,) are (-8.84 k] mol~; 114 kJ
mol™! K™!) and (-10.05 kJ mol™%; 105.50 k] mol™! K!) for Tetra-Pz-Ortho and Tetra-Pz-Para, respectively.
The negative values of adsorption enthalpy are in accordance of an exothermic behaviour of adsorption of
inhibitors while the positive aspect of adsorption entropy may be related to a process that mainly controlled
by the adsorption entropy and describe the significant interaction of the system adsorbate/adsorbent®. The
adsorption of tested inhibitors is a quasi-substitution process adsorption/desorption of tested inhibitors by the
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water molecules at the interface electrode/solution. This is a resultant of the entropy of inhibitor and solvent,
with a decrease in entropy of inhibitors and the increase in entropy of solvent®.

Surface estimation

XPS analysis

The realization of XPS spectra of the protective film on the C&S surface in HCl medium and the analysis of
their elemental composition analysis showed that there are the presence of Fe, C, N, and CI. These XPS spectra
were done with an optimum concentration of Tetra-Pz-Ortho and Tetra-Pz-Para. By doing a practical Shirley-
baseline with a combination Gaussian-Lorentzian and basing on an algorithm of non-linear least squares, the
deconvolution fitting procedure was accomplished. High-resolution peaks have been achieved for N 1s, C 1s,
Fe 2p and Cl 2p core levels for both the inhibitors Tetra-Pz-Ortho and Tetra-Pz-Para and they are presented in
Fig. 9, while the Data deduced from these spectra are grouped in Table 7. Figure 9 shows the C 1s spectra (a /
b) of C&S surface in the presence of Tetra-Pz-Ortho(a) / Tetra-Pz-Para(b), which are deconvoluted peaks into
three components respectively at 280.95/284.89, 282.33/296.24 and 284.10/288.47 eV. The first component was
attributed to the bonds C-C/C=C/C-H, the secondary attribution related to the bond -C-N can be ascribed
to amine group and the last was attributed to the bonds —C=N can be typical of pyrazole ring for both the
inhibitors. All these bonds are present in the two molecules tested as inhibitors, justifying their deposit on the
surface of C&S.

We note that both the molecules present the same bands (C-C/C=C/C-H, -C-N and -C=N) with position
different, and this is equally valid for all other deconvoluted spectra presented in this section. This is evidently
can be linked to the elemental composition and the molecular structures of the two inhibitors tested that are
nearly the same.

The Tetra-Pz-Ortho(a)/ Tetra-Pz-Para(b) structures (Fig. 1) contain a number of nitrogen-atoms as
heteroatoms in pyrazole ring and amine group through which may be adsorbed on the C&S surface, and these
active centers could form the basis for a chemisorption process®. As to deconvoluting of N 1s spectra of the
C&S treated with (a) and (b), they can be fitted into three components, suggesting in the three states a strong
presence of Nitrogen N for both the molecules tested: The first one at 252/225 eV 395.37/ 399.31 corresponding
to bonds -N-C/-N-N typical to amine group and pyrazole rings, another at 396.08/399.90 eV linked to binding
-N=C/N-Fe and can be attributed to the four pyrazoles forming the two molecules and the last one at 397.20/
400.91 may be due to formation of ammonium ions.

The deconvoluted peaks Cl 2p spectra (Fig. 9 Cl 2p, (a) / (b)) show that Cl atoms are there on C&S surface,
giving two components at 194.41 / 198.10 eV and 196.02/ 200.07 eV for Tetra-Pz-Ortho(a)/ Tetra-Pz-Para(b),
respectively, corresponding to (FeCIZ, FeCl3) and Aromatic Chlorine. In fact, core level of Cl can be fitted on
two doublets Cl 2p, , and Cl 2p, , (spin-orbit-spliting), respectively, with a peak CI 2p,, of a binding energy
of 194.41 / 198.10 eV which can be attributed to the bond Cl-Fe in FeCl,. They are might be a possibility to
formation of an aromatic Chlorine in the presence of FeCL"2,

As presented in Table 7; Fig. 9, the deconvolution of spectra Fe 2p for the treated C&S surface with Tetra-
Pz-Ortho(a)/ Tetra-Pz-Para(b) in at the optimum concentration features four components for each molecule.
The first three peaks correspond to a deconvolution of the high-resolution Fe 2p, , and the fourth to Fe2p, ,
spectra, as described earlier®®. The peak at the position of 710.91/710.91 eV for Tetra-Pz-Ortho(a)/ Tetra-Pz-
Para(b), respectively, may be related to Fe** ions form of oxide Fe,0, and hydroxide FeOOH®*%. The second
deconvoluted peak appear at 712.88/712.99 eV and can be attributed to FeCl, and to the hydroxide FeOOH.
This result shows that the oxides formation is always there despite appropriate treatment of C&S specimens
before use to XPS analysis. An increase of ferric ions (Fe**) amount compared to metal amount (Fe®), can
probably contribute to improving of C&S surface resistance in HCl medium, by building cohesive layer, which
can preserve and minimize the corrosion process that precedes. This can be regarded as diminution of C&S
dissolution and increasing the C&S substrate corrosion resistance by adding the inhibitors®. Lastly, the last peak
at 724.59/724.08 eV accredited to the deconvolution peak Fe 2p, , and could also be accredited to the Fe (III)
state. All these results show the deposition of inhibitors film of molecules tested (Tetra-Pz-Ortho(a)/ Tetra-Pz-
Para(b)) on the C&S surface.

SEM analysis

Figure 10(a-d) shows SEM (Scanning Electron Microscopy) images of the C&S specimen, which give four
different facets of tested specimen: bare metal surface (a), in the blank solution (b) and in presence of both
the molecules Tetra-Pz-Ortho and Tetra-Pz-Para (c&d). Figure 10(a) represents the surface of C&S before
subjection to the corrosive electrolytes, which show a C&S surface relatively smoother. Figure 10(b) shows the
aggressive attack of HCl acid on the surface C&S, which appears sorely destructed and shows lot of irregularities.
The last Figs (Fig. 10c&d) show the images of surface morphology after the addition of Tetra-Pz-Ortho and
Tetra-Pz-Para, which have changed significantly the surface that become more smoothly and the damages have
been reduced. This show that the metal surface condition remained intact with a surface deposit process of
an inhibitors film adsorbed, formed by the molecular components of Tetra-Pz-Ortho and Tetra-Pz-Para. As
shown in the XPS analysis section, the presence of Tetra-Pz-Ortho and Tetra-Pz-Para addition in the acid
solution promotes improving the metal morphological texture, which become smoother as looking those SEM
images (Fig. 10c&d), confirming thus the development of an inhibitory adsorbed coating on the surface of C&S,
which can play the role of the barrier among the C&S and acid solution.

UV-visible
A UV-Visible spectra analysis for the 1 M HCI solution in the presence of Tetra-Pz-Ortho and Tetra-Pz-Para
after gravimetric test at the optimum concentration has been investigated so that we can see complexing power
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Fig. 9. XPS spectra detailed for C&S surface after being immersed in 1 M HCl with an optimum concentration
of (a): Tetra-Pz-Ortho, (b): Tetra-Pz-Para.
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Table 7. XPS analysis results for C&S surface after being immersed in 1 M HCI with an optimum
concentration of (a): Tetra-Pz-Ortho, (b): Tetra-Pz-Para.
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Fig. 10. SEM images of C&S immersed in 1 M HCI, immersed in 1 M HCl + Tetra-Pz-Ortho and Tetra-Pz-
Para, respectively.

of these inhibitors with ferrous ions®’. Figure 11 shows the UV-visible spectra of a and b in HCI before and
after immersion of C&S plates. In both tested cases, it is noted that after immersion of C&S, the maximum
wavelengths position (A ) has changed slightly for Tetra-Pz-Ortho (first band (212, 213 nm); second band
(274,276)), while, in the case of Tetra-Pz-Para, this displacement somewhat bigger (from 252 to 258 nm and
from 218 to 223 nm). Generally, these bands in such positions are characteristic of the electronic transitions n
> m*/m > n* of tested molecular structures, obviously with a charge transfer. These finding indicates that these
two molecules have complexing character towards the ferrous -ions (Fe?*)®8, more significant in the case of
(b). In that respect, it may be suggested that it initially had solubility of steel in the solution and the addition of
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Fig. 11. UV-vis spectra of (Tetra-Pz-Ortho and Tetra-Pz-Para) | HCI solution before and after soaking of
C&sS.

inhibitors leads probably to a complexation. Also, the presence of both Tetra-Pz-Ortho and Tetra-Pz-Para in the

treated acid solution can help minimize the dissolved ferrous ions (Fe**) by complexing process®.

Theoretical and computational approach

DFT analysis

Chemical reactivity investigation of organic molecules optimized in their geometry form the most stable is
generally characterized by the calculation of global and local reactivity descriptors. The values of these descriptors
allow to interpret the theoretical approach of these molecules and to better understanding of interfacial
mechanisms of corrosion®”?, The two molecules tested Tetra-Pz-Ortho and Tetra-Pz-Para can protonate in the
HCl medium®>7!. Using Marvin Sketch software’?, all the distributions of protonated forms as a function of pH
(0 to 14) were presented, in order to identify the atom or atoms most likely to bind the H* proton. Figure 12(a&b)
illustrate the favourable location for protonation that was found to be accessible in Tetra-Pz-Ortho structure at
different sites N6, N35, N36, N37, N65 with a percentage of 99.95% and Tetra-Pz-Para at the N45, N46, N47,
N48 sites with a percentage of 99.90%. The structural chemical reactivity may be influenced by this protonation
in both ways, by giving new electronic distribution for two tested molecules Tetra-Pz-Ortho and Tetra-Pz-Para.

The neutral and protonated forms of molecular structures tested, Tetra-Pz-Ortho and Tetra-Pz-Para, have
been optimized using the density functional theory method (DFT) and both skeleton forms are illustrated in
Figs. 13 and 14. The main quantum chemical parameters have been determined basing on Gaussian software
(09 W)*? and were collected in Table 8. These parameters play a significant role in the determination of reactions
between the interacting elements. Figures 13 and 14 illustrated the density distributions (HOMO and LUMO),
which are well distributed on all neutral and protonated forms for two tested molecules.

For the neutral forms, both molecules have a similar distribution of electron density (Fig. 13). The density
relative to HOMO is mainly located on the pyridine ring of compound Tetra-Pz-Ortho and the benzene ring
of compound Tetra-Pz-Para, and includes attached nitrogen atoms and pyrazole rings. LUMO is distributed
only on the pyridine ring and the benzene ring. Thus, both compounds tend to interact with the metal surface
through electronic transfer. However, the data obtained from the chemical descriptors (Table 8) show that
compound Tetra-Pz-Ortho exhibits higher reactivity than compound Tetra-Pz-Para. Indeed, the energy value
of the AE 11101 umo) Of Tetra-Pz-Ortho is the lowest. The energy values of HOMO and LUMO (-3.800 eV and
-0.623 eV respectiveiy) are lower indicating an ease in both donating and accepting electrons at the unoccupied
d orbital of the metal. The calculated value of the fraction of electrons transferred AN of Tetra-Pz-Ortho suggests
the possibilitg of electron transfer between the inhibitor molecule and the metal, likewise, the electrophilic

power (w =3-) indicates its tendency to acquire free electrons from the metal and its ability to bind strongly

by electron transfer. Moreover, depending on the values of chemical hardness (1) (Table 8) and corresponding
softness (1/7), Tetra-Pz-Ortho will be more reactive. Its rather high value of deducted softness, compared to
that of Tetra-Pz-Para, shows its strong adsorption to the iron surface. This suggests that the inhibitory power
of two molecules is not the same, the compound Tetra-Pz-Ortho tends to interact better and therefore a strong
adsorption towards the surface.

In fact, most atomic sites are involved in electron donation and/or acceptance, with the donation effect taking
place via centers HOMO, and the acceptance effect taking place via atoms LUMO of electrons from electron-
donor centers, namely the orbitals occupied of C&S surface”.

Figure 14 illustrates the protonated forms (the Tetra-Pz-Ortho(5 H*) and Tetra-Pz-Para(4 H*) states),
which gave new electron density distributions differing from Tetra-Pz-Ortho(5 H*) to Tetra-Pz-Para(4 H) for
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Fig. 12. (a) Macrospecies distribution of protonated form of Tetra-Pz-Ortho (% protonation vs. pH

distribution). (b) Macrospecies distribution of protonated form of Tetra-Pz-Para (% protonation vs. pH
distribution).

both LUMO and HOMO density. The HOMO density distribution occupies the pyrazole ligands for Tetra-Pz-
Ortho(5 H*), while for Tetra-Pz-Para(4 H*) it occupies the benzene center and its vicinity. The LUMO density
distribution occupies the pyrimidine center for Tetra-Pz-Ortho(5 H*) and the pyrazole ligands for Tetra-Pz-
Para(4 H*). Furthermore, as shown in Table 8, the protonation of these optimized molecules leads to a decrease
in the electron-donating effect due to lower Ej;,,,,and AN, values. On the other hand, lower E, , values for
both compounds have boosted the electron-accepting impact.

Mulliken population analysis

To further estimate the inhibitory efficiency of the two synthesized molecules Tetra-Pz-Ortho and Tetra-
Pz-Para, in neutral and pronated form, the distribution of net charges on all of their atoms was calculated
using Mulliken’s population analysis (MPA), and processed using the B3LYP/6-31G(d, p) basis. This charge
distribution is shown in color in Fig. 15 where the more bleu-colored atoms represent the more negatively
charged atoms, while the other colored atoms represent some less negatively charged atoms and more positively
charged atoms. According to this figure, we note that the atoms of the two molecules have close values, negative
charges are located mainly on the nitrogen atoms, the carbon atoms turned out to be positive (with significant
negative charge for the carbons methyl) while all protons have a positive charge. Indeed, the atoms carrying
positive charges can be described as sites with a certain capacity to receive charges from the (d) orbital of the iron
in order to generate a feedback band. In contrast, the lone pair of electrons (negative charges) carried by oxygen
atoms is a source of charge capable of donating electrons to iron atoms. Figure 15 shows that the highest negative
charges are linked to the Nitrogen numbered N(6,10, 11, 25, 30, 36, 65, 78) and to Carbon number C(46, 42, 50,
58, 72) for Tetra-Pz-Ortho C(43, 47, 53, 57, 65, 69, 73) and for the Tetra-Pz-para molecule the Nitrogen atoms
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Fig. 13. Optimized molecular structure and Frontier molecular orbitals (HOMO and LUMO) of Tetra-Pz-
Ortho and Tetra-Pz-Para, as neutral molecules.

numbered N(11, 12, 23, 28, 33, 38) and to Carbon number C(43, 47, 53, 57, 65, 69, 73). These results imply that
these compounds have electron-donating active sites (lone pair of electrons) towards the vacant (d) iron orbital
with the possible formation of a coordination bond. In addition, the presence of positive charges on other atoms
suggests the existence of potential locations where these substances are able to receive electrons from the Fe-
surface’. This electron transfer process contributes to the formation of a feedback bond between the inhibitor
molecules and the metal surface”. Consequently, the atoms of both the Tetra-Pz-Ortho and Tetra-Pz-Para
molecules in their neutral forms are a little rich in electrons, in particular their nitrogen atoms. It can be deduced
that the two molecules present more favored sites for electrophilic attacks. Finally, it has to be noted that the
interactions acceptor/donor of electrons between the metal-atoms of surface and active sites of the Tetra-Pz-
Ortho and Tetra-Pz-Para molecules can be overall attributed to an adsorption process. The distribution of net
charges on all of their atoms (MPA) for the protonated form of Tetra-Pz-Ortho and Tetra-Pz-Para are presented
in Fig. 16. Except for the N-atoms of amine groups in the two molecules tested, the other atoms, which had a
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LUMO

Fig. 14. Optimized molecular structure and frontier molecular orbitals (HOMO and LUMO) of Tetra-Pz-
Ortho and Tetra-Pz-Para, into protonated forms.

very negative charge in the neutral form of these molecules, became less negative in the protonated form, this
seeming thus conform with DFT method results.

Monte Carlo and molecular dynamic simulations study

Monte Carlo (MC) and molecular dynamics (MD) simulations methods have been widely used to understand
the interaction and adsorption behavior of an inhibitor on the metal surface. In the present work, to fully
understand the behavior of the two Tetra-Pz-Ortho and Tetra-Pz-Para investigated molecules (in their neutral
and protonated form) with respect to the Fe surface, MD and MC simulations were realized in the presence of all
the concerned species, water molecules, H3OJr and Cl™ in order the mimic the real corrosive environment. The
most stable low energy adsorption configurations (side and top views) of the Tetra-Pz-Ortho and Tetra-Pz-Para
inhibitor molecules on Fe (110) surface are presented in Fig. 17. As is seen from this figure, we notice that the
two inhibitors are adsorbed nearly parallel to the Fe (110) surface (both in the gas or in the aqueous medium)
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Quantum Tetra-Pz-Ortho | Tetra-Pz-Para | Tetra-Pz-Ortho | Tetra-Pz-Para

parameters (neutral form) | (neutral form) | (5 H*) (4HY)

E oY) -0.623 0.123 -16.027 -10.721

Epomo(eV) -3.800 -5.157 -19.681 -16.219

AE (eV) 3.177 5.280 3.653 5.497

IP = -Ep ) 0(€V) 3.800 5.157 19.681 16219

EA=-E,,,(eV) 0.623 -0.123 16.027 10.721

=2 V) 2211 2,517 17.854 13.470

n=252(v) 1.588 2.640 1.827 2.749

u (Debye) 5.086 5.398 3.080 4.238
Fe—x inh _ R

AN:% 1.636 0.868 2.970 1.176

Total energy -47060.931 -46627.056 -47110.20 -46844.88

Table 8. Calculated quantum chemical parameters of Tetra-Pz-Ortho and Tetra-Pz-Para neutral and
protonated forms.

(wtof ppynau) oypiQ-2d-v412[

(WLI0J [eINU) VDT -2J-D4J2

Fig. 15. Mulliken atomic charge distribution of Tetra-Pz-Ortho and Tetra-Pz-Para of neutral forms in DFT
optimized geometry.

with a maximum contact which promotes better interaction and subsequently better coverage of the surface.
The values for the outputs and descriptors of the MC simulations are listed in Table 9. This table provides some
important parameters as: total energy, adsorption energy, rigid adsorption energy and deformation energy. The
high negative values obtained confirms the stable and stronger adsorption amongst the studied molecules Tetra-
Pz-Ortho and Tetra-Pz-Para and the Fe surface. However, the corrosion inhibition efficiency of our proposed
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Fig. 16. Mulliken atomic charge distribution of Tetra-Pz-Ortho and Tetra-Pz-Para of protonated forms in
DFT optimized geometry.

inhibitors varies from one form to another and the ranking order is given as: Tetra-Pz-Ortho > Tetra-Pz-Para,
the ordering also corroborates the protonated forms. This result confirms what was found experimentally.

It is apparent that in the case of the two molecules, the adsorption is generally provided through the nitrogen
heteroatoms of the five-membered aromatic rings and mn-electrons. The interaction power is improved by the
presence of five-membered rings which contain nitrogen atoms. Nitrogen heteroatoms increase the electronic
distributions density of the molecule and promote a chemisorption which stabilized also by the free electron
pairs. This promotes a strong interaction which makes the molecule more stable on the Fe surface and gives
better inhibition.

The inhibitor Tetra-Pz-Ortho is connected with its four five-membered aromatic rings and exhibiting a more
and near-flat adsorption orientation on the Fe surface, in that way, it covers more surface. Similarly, from the
data in Table 10, the binding energies of the studied molecules are very high and positive whether in its neutral
or protonated state which suggest the high stability of the adsorbed inhibitors.

Radial distribution function

The Radial Distribution Function (RDF) g(r)”® is an effective structural quantity which describes how the density
varies as a function of the distance to a particle of reference. The atomic RDF g(r) shows peaks corresponding
to the inter-atomic distances existing in the material. It allows for a direct analysis of the inter-atomic distance
and atomic displacements. For our systems, RDF g(r) is useful to estimate the bond length between the atoms
of Tetra-Pz-Ortho and Tetra-Pz-Para inhibitors and iron. More, it allowed us to conclude the types of bonds
formed. The RDF analyzed from the MD results of Tetra-Pz-Ortho and Tetra-Pz-Para is graphically presented
in Fig. 18. This figure shows that all the bond length of Fe and atoms are less than 3.5 A (for both Tetra-Pz-Ortho
and Tetra-Pz-Para atoms), so a chemisorption interaction can occur between the atoms of these two molecules
and that of the C&S surface.
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Fig. 17. Side and top views of the most stable low energy configuration for the adsorption of Tetra-Pz-Ortho
and Tetra-Pz-Para on Fe (110) surface in vacuum (a) and aqueous medium (b).
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+, =
System** eTx(l’::lgy Adsorption energy | Rigid adsorption energy | Deformation energy | dE_;/dNi gﬁ:/&Ni ((1:113 a 4/dNi
Fe+(a) gas -317.89 -291.47 -284.704 -6.766 -291.470 | - -

Fe+ (b) gas -334.39 -286.27 -288.45 2.176 -286.273 | - -
Fe+(a5H) gas -412.95 -326.74 -298.55 -28.191 -326.743 | - -

Fe+ (b4H) gas -414.00 -324.05 -320.01 -4.037 -324.048 | - -

Fe+(a) +200H,0 +5HCI -3556.07 | -3636.37 -3699.34 62.967 -10.685 -149.059 | -128.593
Fe+ (b) +200H,0 +5HCI -3423.45 | -3503.75 -3576.94 73.193 -7.340 -152.975 | -142.201
Fe+ (a5H) +200H,0 +5HCI | -3429.55 | -3509.851 -3579.87 70.020 -7.349 -151.713 | -149.699
Fe+ (b4H) +200H,0 + 5HCI | -3422.931 | -3503.23 -3572.92 69.687 -14.819 -152.010 | -147.245

Table 9. Outputs and descriptors calculated from Monte Carlo simulations for Tetra-Pz-Ortho and Tetra-Pz-
Para on Fe (110) (in gas and solution phases) (all in kcal/mol). **; (a): Tetra-Pz-Ortho ; (b) : Tetra-Pz-Para ;
(a5H): Tetra-Pz-Ortho5H" ; (b4H): Tetra-Pz-Para4H™.

E EBinding
Fe+ TetmszfOrtth—ZOOHZO +5HCI -973.10162 | 973.10162
Fe + Tetra-Pz-Para+200H,0 + 5HCI -790.59902 | 790.59902
Fe + Tetra-Pz-Ortho5H* +200H,0 + 5HCI | -736.46831 | 736.46831
Fe + Tetra-Pz-Para4H* +200H,0 + 5HCl | -671.66275 | 671.66275

Table 10. Interaction and binding energies (kcal/mol) obtained from MD simulations for adsorption of the

Tetra-Pz-Ortho and Tetra-Pz-Para inhibitors (neutral and protonated forms) on Fe (110) surface.

Conclusion
The research work conducted on the application of two newly pyrazole derivatives as corrosion inhibitors for
carbon steel in aggressive (HCI) solution can be summarized by the following conclusions:

Based on the obtained results using the weight loss measurements and electrochemical techniques, the two
synthetized molecules Tetra-Pz-Ortho and Tetra-Pz-Para acted as effective corrosion inhibitors for C&S in
1 M HCI solution, their inhibition efficiencies increased with increasing concentration inhibitor to reach a
maximal inhibition efficacy value of 97.2% and 96.0% at optimum concentration 10-*mol/L. The adsorption
model of the two tested molecules followed the Langmuir adsorption isotherm.

The temperature effect showed that Tetra-Pz-Ortho has a higher activation energy than Tetra-Pz-Para and
HCI solution. confirming Tetra-Pz-Ortho’s ability to impede the corrosion process. The AG® , values, calcu-
lated of both Tetra-Pz-Ortho and Tetra-Pz-Para, implying that the two inhibitors were adsorbed on carbon
steel surfaces by chemical adsorption.

Analysis of the EIS diagrams revealed that the corrosion process is mainly controlled by charge transfer, the
resistance values R increased and the capacity C, decreased with addition of Tetra-Pz-Ortho and Tetra-Pz-
Para due to their adsorption onto the metal surface. Potentiodynamic polarization curves revealed that the
presence of the two pyrazole derivatives reduced corrosion current density, hence, these tested compounds
are mixed type inhibitors.

The Surface characterization by SEM analysis reflected the deposit of protective film of inhibitors on the car-
bon steel surface, hence reducing corrosion.

Elemental analysis results via X-ray Photoelectron Spectroscopy (XPS) revealed that the presence of pyrazolic
ring and amine group in these two molecules, with bonds C=C, C-N and C=N, is the most plausible reason to
create the chemical interaction between the inhibitors and the metallic surface, indicating that the two tested
compounds were chemisorbed on the C&S surface.

The theoretical approach utilizing density functional theory (DFT) and Monte Carlo/molecular dynamic sim-
ulations (MC/MD) simulations for the tested molecules Tetra-Pz-Ortho and Tetra-Pz-Para showed good
agreement with the experimental results.

According to MD simulation, the two investigated inhibitors are adsorbed almost parallel to the Fe (110)
surface (both in the gas or in the aqueous medium) with a maximum contact.

The RDF analyzed from the MD results showed that all bond lengths of Fe and atoms (for both Tetra-Pz-
Ortho and Tetra-Pz-Para atoms) are less than 3.5 A, as a result, chemical interactions can occur between the
atoms of these two molecules and the C&S surface.
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Fig. 18. Radial distribution function of Tetra-Pz-Ortho and Tetra-Pz-Para on Fe (110) surface in 1 M HCI
solution at 303 K.
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