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Abstract: Pyridine (P1) and benzoic acid (P2) derivatives with pyrazole moieties were synthesized
and evaluated as corrosion inhibitors for mild steel in acidic medium. The evaluation was performed
by electrochemical impedance spectroscopy (EIS), potentiodynamic polarization, and weight loss
measurement. The surface morphologies of the control and steel samples coated with the pyrazole
derivatives P1 and P2 were examined by the scanning electron microscopy (SEM), UV-Vis, and X-ray
photoelectron spectrocopy (XPS) spectroscopies. Results revealed minor changes on steel surfaces
before and after immersion in a 1 M HCI solution. Both derivatives, P1 and P2, showed good
inhibition efficiency that is dependent on inhibitor concentration. Both P1 and P2 act as mixed-type
inhibitors. The benzoic acid derivative (P2) showed a higher efficiency than P1, which could be
attributed to the carboxyl group that is located at the para position to the amino group. This induces
a direct electronic resonance between the two groups, the amino and the carboxyl. As a result of
this, a higher electron density on the carboxyl group and a stronger bonding to the metal surface
occurred. Results also show that, the bonding of both pyrazoles on mild steel surface obey Langmuir
adsorption isotherm. Quantum chemical calculations were performed to theoretically define the
relationship between the molecular structures and inhibition efficiencies of P1 and P2.

Keywords: pyrazole; mild steel; corrosion resistance; potentiodynamic polarization; XPS spectroscopy

1. Introduction

Pickling process of steel includes using a strong acid such as hydrochloric acid or a mixture of
hydrochloric acid and nitric acid. Residual acid on steel surface after the pickling process causes
the steel to corrode. One way of overcoming this major issue is the use of an inhibitor [1-5].
Most of inhibitors used for this purpose are organic based materials contain coordination sites for
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metal coordination. The coordination sites include multiple bonds and heteroatoms such as sulfur,
oxygen and nitrogen. These inhibitors prevent corrosion by blocking the active corrosion sites mainly
by complexing to the metal surface and forming a protective layer [6-8]. A strong interaction between
the metal surface and the protective layer leads to a more stable and less protective layer. The strength
of the interaction is usually controlled by the high electron density and the availability of the loose
mi-electrons on the inhibitors functional groups [9,10].

Unfortunately, most of the reported inhibitors are either toxic or have an environmental concern.
For this reason, an inhibitor that is free of these drawbacks will be very attractive. One choice would
be pyrazole based material. Pyrazole and pyrazole derivatives have the functionalities that require a
strong interaction with the metal surface and are well known in the medical field. They are widely
used as antimicrobials agents [11,12], antifungal agents [13,14], anti-inflammatory agents [15,16],
anticancer agents [17,18] antitubercular agents [19,20].

Pyridine-pyrazoles are especially more useful for this purpose than other pyrazole derivatives
since they have multi coordination sites which make them bind stronger to the metal surface. A study,
on using pyridine-pyrazole derivatives as corrosion inhibitors, revealed a good anticorrosive efficiency.
The presence of a side chain on pyrazole showed an increase in the efficiency of the pyrazole and the
longer the chain the higher the higher efficiency [21]. Several pyrazole derivatives were evaluated as
steel corrosion inhibitors in our laboratory [22-26].

In this work, two new pyrazole derivatives were synthesized and evaluated as corrosion inhibitors
for steel in acidic media. The two pyrazole derivatives are pyridine and benzoic acid-based compounds.
The pyridine based compound is N-((3,5-dimethyl-1H-pyrazole-1-yl) methyl)pyridine-4-amine (P1)
and the benzoic acid based compound is 4-(((3,5-dimethyl-1H-pyrazole-1-yl)methyl)amino)benzoic
acid (P2). The chemical structures of both compounds P1 and P2 are shown in Figure 1. Specimens of
mild steels were coated with both materials and the anticorrosion properties of the coated steel were
evaluated in a 1 M aqueous solution of HCI. The results were evaluated by several spectroscopic and
gravimetric techniques such, electrochemical impedance spectroscopy, polarization measurements,
quantum chemical study, scanning electron microscopy (SEM), UV-Vis and XPS (X-ray photoelectron
spectrocopy) spectroscopies.

| — N\/ \N
N NNN HO
N~ P2

Pl o]
N-((3,5-dimethyl-1H-pyrazol-1-yl) 4-(((3,5-dimethyl-1 H-pyrazol-1-yl)
methyl)pyridin-4-amine methyl)amino)benzoic acid

Figure 1. Chemical structures of the studied pyrazole derivatives pyridine (P1) and benzoic acid (P2).

2. Experimental

2.1. Materials

Specimens of mild steel were cut from a commercially available sheet of mild steel. The steel sheet
composed of (in wt.%) 0.09 wt.% P, 0.01 wt.% Al, 0.38 wt.% Si, 0.05 wt.% Mn, 0.21 wt.% C, 0.05 wt.%
S and the the remainder was iron (Fe). The exposed surface of the working electrodes was cleaned
successively with emery papers of different grade (220, 400, 800, 1000 and 1200), washed with deionized
water, acetone, ultrasonically cleaned with ethanol and stored in moisture free desiccator before it was
used. The two studied pyrazoles P1 and P2 were synthesized as described in the literature [27].
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2.2. Solutions

An aqueous solution of HCI (1 M) was prepared from concentrated HCI (37%, analytical grade)
by dilution with Milli Q water. Solutions of N-((3,5-dimethyl-1H-pyrazol-1-yl)methyl)pyridin-4-amine
(P1) and 4-(((3,5-dimethyl-1H-pyrazol-1-yl)methyl)amino)benzoic acid (P2) solutions were prepared in
water with various concentrations.

2.3. Methods

2.3.1. Gravimetric Analysis

Gravimetric analysis was performed following the guidance of the ASTM method G31-72 [28].
Sheets of mild steel with dimensions of S = 10 mm x 40 mm x 0.6 mm were scraped with a series
of emery paper SIC (220, 400, 800, 1000 and 1200), washed with doubly distilled water then acetone.
After weighing them accurately on an analytical balance, the specimens were immersed in a 250-mL
beaker containing 100 mL of HCI (1 M) solution with and without the addition of inhibitors solutions.
All solutions were kept under an ambient condition. After 6 h of immersion in an acid solution,
the steel samples were removed, washed with plenty of distilled water, dried, and weighed. All tests
were carried out in triplicate and the average results were reported. Relative errors are shown on
the table. The loss in the weight (w), The inhibition efficiency (IE) and surface coverage (8) of coated
samples were calculated according to Equations (1)—(3) [28]:

Wy — Wp

W= @
IE(%) = (1 - Z’)’) % 100 2)
0
Wi
0=1- wio (3)

where wy, and w, are the specimen weights before and after immersion in the acid solutions, wy and
w; are the loss in the weight due to corrosion of steel samples in uninhibited and inhibited solutions,
respectively. The total area of the mild steel specimen (cm?) represented as S and t are immersion time
(h) as shown in Equation (1).

2.3.2. Electrochemical Evaluation

The electrochemical evaluation was performed using Voltalab (Tacussel-Radiometer PGZ 100,
Hatch Company, Mississauga, ON, Canada) potentiostat that is run by Tacussel corrosion analysis
software model (Voltamaster4) at static conditions. Electrochemical cell with three electrodes was
used in this study; the reference electrode (a saturated calomel electrode (SCE)), an auxiliary electrode
(platinum electrode with a surface area of 1.0 cm?) and the working electrode which is mild steel
of surface area of 1.0 cm?. All potential values used in this study were referred to this reference
electrode. The mild steel electrode (working electrode) was dipped in a test solution for 30 min
to establish a steady state open circuit potential (Eqcp). After determining the value of the Eop,
the electrochemical measurements were carried out. All electrochemical measurements were carried
out in aerated solutions at 308 K. The electrochemical impedance spectroscopy (EIS) experiments
were conducted at a frequency range of 10 mHz-100 kHz, with 10 points per decade at the rest
potential, after 30 min of acid immersion and applying 10 mV ac voltage peak-to-peak. Nyquist plots
were performed on experimental results. The accepted semicircle is the one that could be fit through
the data points in the Nyquist plot using a non-linear least square fit, so as itintercepts with the
x-axis. The impedance data were analyzed and fitted with the simulation Z;e,, 2.80, equivalent circuit
software. The potentiodynamic polarization measurements of mild steel samples in inhibited and
uninhibited solutions were scanned from cathodic to the anodic direction, with a scan rate of 0.5 mV/s.
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Data analysis was carried out using the polarization VoltaMaster 4 software. The linear Tafel segments
of anodic and cathodic curves were extrapolated to corrosion potential to obtain corrosion current
densities (Icorr). From the obtained polarization curves, the cathodic reaction is dominated by hyrogen
evolution as compared to O, reduction consequently the corrosion current (Icorr) Was calculated
according to Tafel extrapolation using Equation (4) [29]:

[ = oo {exp <2.C;AE> —exp (2.?5AE ﬂ @)

The inhibition efficiency was evaluated using measured .o+ values as shown in Equation (5) [29]:

Leorr — Icorr(i)

IE(%) = % 100 (5)

ICOI‘I‘
The Icorr is the corrosion current density for steel electrode in the uninhibited and the I ;) is for
the pyrazol solution.

2.4. Surface Morphology Evaluation

2.4.1. Scanning Electron Microscopy (SEM)

The SEM study was carried out on mild steel samples treated with 1.0 M solution of HCI containing
P1 and P2 at concentration of 1073 M for 24 h. The samples before placed in the SEM were rinsed with
double distilled water and dried with cold air blower. Similar SEM study was also performed on steel
samples immersed in uninhibited HCl solution.

The scanning electron study was carried out using SEM model Quanta 200 FEI scanning
instrument (Thermo Fisher Scientific, Waltham, MA, USA) at an accelerating voltage of 20 kV and
2000 x magnification.

2.4.2. UV-Visible

The UV-Visible absorption spectra of solutions containing optimum concentration (10~2 M) of
inhibitor before and after immersion of the mild steel sample for 24 h were subjected to UV analysis
using the Shimadzu model UV-1650 PC spectrophotometer (Shimadzu, Kyoto, Japan).

2.4.3. XPS Analysis

The surface has been analyzed by XPS to determine its composition. XPS studies were acquired on
a Physical Electronics PHI VersaProbe II spectrometer (Chanhassen, MN, USA) using monochromatic
Al-Ko radiation (49.1 W, 15 kV, and 1486.6 eV) for analyzing the core-level signals of the elements
of interest with a hemispherical multichannel detector. The sample spectra were recorded with a
constant pass energy value at 29.35 eV, using a 200 pm diameter circular analysis area. The X-ray
photoelectron spectra obtained were analyzed using PHI SmartSoft software and processed using
MultiPak 9.3 package. The binding energy values were referenced to adventitious carbon C 1s signal
(284.8 eV). Shirley-type background and Gauss-Lorentz curves were used to determine the binding
energies. XPS spectroscopy studies the adsorbtion of the pyrazole on steel surface and indicates the
inhibition film. The analysis of the C 1s core level signals was very useful in identifing the different
functional groups at the surface, such as their adsorption on surface.

2.5. Quantum Chemical Calculations

Geometrical optimization of the investigated samples was performed using density functional
theory (DFT), using the Lee-Yang-Parr nonlocal correlation functional (B3LYP), and the Beck’s three
parameters exchange functional [29-31]. The 6-31G* basis set was applied in the Gaussian 03 program
package [32]. The adopted approach is shown to produce favorable geometries for a wide variety
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of systems. This basis set produces good geometry optimizations. The geometry structure was
optimized under no constraint. The quantum chemical parameters the highest occupied molecular
orbital (Egomo), the lowest unoccupied molecular orbital (Ep ymo), the energy gap (AE) and the dipole
moment (i) were calculated from the optimized structure.

3. Results and Discussion
3.1. Gravimetric Analysis

3.1.1. Effect of Pyrazols Concentration

The corrosion rate (w) and the IE (%) value obtained from gravimetric analaysis method at various
concentrations of P1 and P2 are shown in Table 1.

Table 1. Weight loss data for mild steel in 1.0 M HCl without and with different concentrations of
pyrazole derivatives at 308 K.

Inhibitor Conc. (M) w (mg em—2 h™1) IE (%) £ 1% 0
1x 1073 0.081 89.5 0.895
Pl 5x 104 0.125 87.0 0.870
1x 1074 0.158 83.3 0.833
5x107° 0.160 83.6 0.836
1x 103 0.058 94.0 0.940
P 5x 1074 0.082 91.4 0.914
1x 104 0.147 84.0 0.840
5x 107° 0.175 81.8 0.818

The results show that compounds P1 and P2 inhibit the corrosion of mild steel at all evlauated
concentrations. The corrosion inhibition of these compounds could be related to the non-bonding
electrons on the heteroatoms (N and O) and the aromatic 7t electrons, which causes a strong
coordination of the inhibitors to the metal surface and the formation of a stable protective layer [33].
The corrosion rates in the presence of P1 and P2 were 0.081 and 0.058 mg cm ™2 h™!, respectively
(Table 1). These values are much lower than that for the blank which is 0.962 mg cm~2 h™1L,
This significant reduction in the corrosion rate suggests that the pyrazole derivatives are very effective
as corrosion inhibitors even in solution with high acid concentration.

3.1.2. Adsorption Isotherm and Standard Adsorption Free Energy

The types of interaction that occur between an organic inhibitor and a surface of mild steel could
be calculated from studying the adsorption isotherms. The most useful adsorption isotherms are
Langmuir, Temkin, and Frumkin. The surface coverage (8) for various concentrations of P1 and P2 in
HCI (1 M) were tested graphically to determine a suitable adsorption isotherm.

Figure 2 shows a graph obtained from plotting C/6 versus C—a linear relationship was obtained,
with a correlation coefficient (R?) values of 0.99973 and 0.99981 for P1 and P2, respectively, at 308 K.
The results indicate that the adsorption of the inhibitors P1 and P2 on the metal surfacecould be fitted
to the Langmuir adsorption isothermshown in Equation (6) [33].

C 1
== +C 6
0 Kads ( )

where 0 is the surface coverage obtained from Equation (3), K,q4s is the adsorption-desorption
equilibrium constant, C is the concentration of inhibitor.
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Figure 2. Langmuir adsorption isotherms for P1 and P2 on mild steel in 1.0 M HCl at 308 K.

The values of K,45 were calculated from the intercepts in Figure 2, the results are summarized
in Table 2. As shown in Table 2, the results indicate a stable protective layer of P1 and P2 on the
metal surface and hence good anticorrosion properties. The calculated values of K,45 were used in
Equation (7) to obtain the AG?,4, values [34].

AGY = —RTIn(55.5K,4s) )

where R is the gas constant, T is the temperature in K, and the 55.5 value represents the concentration
of water in the solution. Obtained values of AGY, 4, are shown in Table 2.

Table 2. Thermodynamic parameters for the adsorption of P1 and P2 in 1 M HCI on the mild steel

at 308 K.
Inhibitors Slopes Kags M) R? AGY,4s (K] mol™1)
P1 1.11 111884.23 0.99973 —40.05
P2 1.05 77893.75 0.99981 —39.13

The negative values of AG’,4 suggest the spontaneous process of adsorption besides the stability
of the thin layer adsorbed on the mild steel surface.

Literature demonstrates that, the standard Gibbs free energy of adsorption in aqueous solution
with a value up to —20 k] mol~! or more positive indicates electrostatic attraction taking place between
the charged inhibitor molecules and metal surface (physisorption). While if this value is clos to
—40 kJ mol ! or more negative, the adsorption involves sharing or transfer of charges to the surface
(chemisorption) [34]. However, this conclusion should be considered with some caution, since the
enthalpy of adsorption is the parameter that reflects the adsorption bond strength, rather than the
standard Gibbs free energy of adsorption [35]. In the present study, AG’,4s values are between —39.13
and —40.05 k] mol~!. These values provide evidence for the presence of chemisorption [36].

3.2. Potentiodynamic Polarization Curves

The potentiodynamic measurement results of mild steel in an aqueous solution of HC1 (1.0 M)
without and with P1 and P2 at different concentrations are shown in Figure 3.
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Figure 3. Polarization curves for mild steel in 1.0 M HCl in the presence and absence of various
concentrations of (A) P1 and (B) P2.

The polarization parameters corrosion current density (Icorr), anodic Tafel slope (Ba),
corrosion potential (Ecorr) cathodic Tafel slope (3¢) and percentage inhibition efficiency IE (%) were
all calculated from the Tafel curves shown in Table 3. The results show that both the cathodic and
anodic reactions were suppressed in the presence of P1 and P2 inhibitors. Because of this, the pyrazole
derivatives tend to reduce the anodic dissolution and reactions results in the evolution of hydrogen [37].

Table 3. The electrochemical parameters for mild steel in 1.0 M HCl solution without and with various
concentrations of pyrazole derivatives at 308 K.

Medium  Conc. (M) —Ecorr mVgeg) —PamVdec™) —BcmVdec™) Icorr (MAcm™2)  IE (%)
HCl 1 450 105 207 1870.0 -
1x10°3 442 78 165 115.2 93
Pl 5x 1074 450 99 180 338.3 82
1x10°* 449 95 140 455.2 75
5x 1075 447 96 150 529.3 71
1x 1073 442 79 145 66.5 9
M 5x 1074 446 79 135 125.0 93
1x10°* 439 85 165 187.8 920
5x10°° 441 92 172 253.0 86

As shown in Figure 3, it could be concluded that the corrosion potentials (Ecorr) for the mild steel
in the presence of P1 (Figure 3A) and P2 (Figure 3B) are slightly shifted toward a positive potential
compared to the mild steel in the blank solution. Both anodic and cathodic current densities were
reduced in the presence of P1 and P2, which suggests a mixed-type of inhibition with the predominance
of anodic [38]. The Tafel slopes of the anodic (3,) and the cathodic (B.) of P1 and P2 are proportional
with the inhibitor concentration.

The results in Table 3 show that the inhibition efficiency is directly proportional with the
concentration of the inhibitors, while the corrosion current density decreases due to adsorption
of P1 and P2 on the surface of the mild steel [39]. A corrosion inhibition efficiency of 96% and 93% at a
concentration of 1073 M were obtained for Pland P2, respectively.

3.3. Electrochemical Impedance Spectroscopy (EIS)

The degree of the corrosion protection could be determined by comparing the impedance values
obtained in the presence and absence of an inhibitor in a corrosive environment. The Nyquist plots for
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mild steel obtained in an aqueous solution of HCI (1 M) interface with and without P1 and P2 at 308 K
are shown in Figure 4 respectively.
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Figure 4. Impedance diagrams of (a) P1 and (b) P2 at 103 M concentration for mild steel in 1 M HCl
solution at 308 K.

The Nyquist plots are shown in Figure 4 exhibits depressed capacitive loop, which could be
related to the charge transfer reaction. The depression in semicircle loop is usually related to the
inhomogeneities and the roughness of the solid electrode [40]. As shown in Figure 4, the diameter of
the capacitive loop increases by increasing the concentration of the pyrazoles.

This result indicates that corrosion is prevented by the formation of a protective film on the
surface of the mild steel. The impedance kinetic parameters were determined by fitting the impedance
data to the equivalent circuit model of the form Rs (Rt CPE) as shown in Figure 5. The excellent fit
was obtained with this model for all the experimental data.

Rs CPE

Rct

Figure 5. Equivalent circuit model used to fit the EIS data.

For the description of a frequency-independent phase shift between an applied ac potential
and its current response, a constant phase element (CPE) was used, which is defined in impedance

representation as [41]:
1

A" ?

ZcpE =
where A (7! s" cm~2) is the value of the CPE, w (rad/s) is the sin wave modulation angular frequency,
i = —1 is the imaginary number and 7 is an empirical exponent that measures the deviation from
the ideal capacitive behavior [42,43]. Based on the values of 1, CPE could be resistance for n = 0,
capacitance for n = 1, orinductance for n = —1 and n = 0.5 for Warburg impedance [44-48]. The double
layer capacitance (Cq;) values can be calculated as shown in Equation (9) using n and CPE values [49]:

Cai = \/A(R)" ™" ©)

The impedance value on the real axis at high-frequency region corresponds to the solution
resistance (R;), while the value at low-frequency region corresponds to the charge transfer
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resistance (R¢t). The Rt values for the inhibited systems are higher than that of the blank and
increases by increasing the concentration of the inhibitors. The results indicate that the studied
pyrazole derivatives inhibit mild steel corrosion in HCI (1 M). The inhibition efficiency increases as
the concentration of the inhibitors increases. The inhibition efficiency (IE) was calculated from charge
transfer resistance values obtained from impedance measurements using Equation (10) [49]:

Rct /inh — Rct

IE (%) = =22 —
Ct/1

x 100 (10)
where R¢t and R.¢/inn are the charge transfer resistance of mild steel electrode in the uninhibited and
inhibited solutions, respectively.

The values of phase shift n (ranging from 0.74 to 0.80) did not change significantly and its stability
indicate that the charge transfer controlled the dissolution mechanism of mild steel in an aqueous
solution of HCI (1 M) with inhibitor and for standard [50]. The relaxation time of a surface state is the
time required the charge distribution to return to the equilibrium point after an electrical disturbance,
in the absence of the distributed element. The relaxation time is defined as shown in Equation (11) [50]:

T = CqiRet (11)

The electrochemical kinetic parameters obtained from the fitting of impedance spectra are listed
in Table 4.

Table 4. Impedance parameters with corresponding to inhibition efficiency for the corrosion of mild
steel in 1.0 M HCl at different concentrations of pyrazole derivatives.

Medium Rs (O cm?) n Rut/Fit (Q cm?)  Ra/Exp (Qcm?)  Cq (WFem™2) 1 (ms) IE (%)
Blank 2.02 0.80 23.26 20.35 158.89 3.23 —
5x107°M 2.00 0.74 45.1 60.20 121.23 7.30 66.2

P1 1x1074M 1.97 0.76 60 72.50 114.56 8.30 71.9
5x 1074 M 1.45 0.74 120.8 117.60 75.33 8.86 82.7
1x103M 1.82 0.77 187.5 183.10 71.95 13.17 88.9
5x10°M 2.50 0.77 90 76.48 87.55 6.70 73.4

P2 1x107*M 2.52 0.79 161 152.60 74.02 11.29 86.7
5x 1074 M 2.61 0.78 225 173.30 70.90 12.29 88.3
1x103M 2.76 0.79 262 248.00 58.18 14.43 91.8

From Table 4, the inhibitors to tend to decrease the double layer capacitance (Cq;) and increases
the time constant (1) value. For instance, when the inhibitor concentration is increased to 1073 M,
the interface parameter (1) changed from 3.23 to 14.43 ms while the double layer capacitance (Cq;)
value decreased from 158.89 to 58.18 uF cm 2. The results signify that, the charge and discharge rate
to the metal-solution interface is greatly decreased. This indicates that, the presence of a relation
between the amounts of charge that can be stored (i.e., capacitance) and the discharge velocity in the
interface (7) [51]. The double layer between the charged metal surface and the electrolyte solution is
considered an electrical capacitor. The inhibitor molecules tend to eliminate the direct contact between
H,0O molecules and the mild steel surface, and the electrical capacity consequently tends to decrease.
As the concentration of the inhibitor increases, the electrical capacity concentrations—which could
be attributed to the formation of a protective layer on the electrode surface [52]. The thickness of
the protective layer is directly proportional with the inhibitor concentration. That means when the
concentration of the inhibitor increases, the inhibitor molecules will be more electrostatically adsorbed
on the electrode surface, then the double layer capacitance (Cq4)) decreases. This agrees with the
Helmholtz model, shown in Equation (12) [53]:

£p¢€

Cal = e (12)
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where d and ¢ are the thickness and dielectric constant of the protective layer, respectively, ¢ is the
permittivity of free space (8.854 x 107!2 F m~!) and S is the electrode surface area. As shown in
Equation (12), Cy4; is inversely proportional to the thickness of the protective layer (d).

3.4. UV-Visible Spectroscopic Investigation of Inhibitor Solution

UV-Vis spectroscopic analysis was used to monitor compounds P1 and P2 in a 1.0 M solution
of HCI (1 M) with inhibitors concentrations of 1073 M before and after immersion of mild steel.
The obtained UV-Vis spectra for P1 and P2 spectra are presented in Figure 6, the spectra show a red
shift and a decrease in the value of absorbance, the results suggest the formation of a complex between
Fe(IlI)) and compounds P1 and P2 [54].

1.0 10

Absorbance
o
-
e —
Absorbance

02 1 P1+Fe(ll)

0.0 4

1 . Ll § 1 1
T T T T T T T 300 350 400 450 500 550 600 650
300 350 400 450 500 550 600 650

Wavelength (nm)
Wavelength (nm)

(@) (b)
Figure 6. UV-Vis spectra of a 1.0 M HCl solution containing 10~3 M of inhibitor before and after 24 h
of mild steel immersion P1 (a) and P2 (b).

3.5. Scanning Electron Microscopy and XPS Analysis

The above results that indicate the effectiveness of the pyrazole derivatives as steel corrosion
inhibitor by forming a protective film on steel surface were verified by the SEM micrographs.
Which taken for mild steel surface after treatment with HCI (1 M) solution in the presence of pyrazoles
(1073 M) and for blank. The obtained images are shown in Figure 7.

Figure 7. Cont.
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Figure 7. Scanning electron microscopy (SEM) images of mild steel surfaces; (A) abraded mild steel;
(B) uninhibited treated with 1.0 M HCl; (C) P1; and (D) P2.

Figure 7 Aclearly shows the parallel features on the steel surface before exposure to the corrosive
solution. The image of uninhibited steel surface is shown in Figure 7B. The image shows a rough
surface, an indication of corrosion by HCI (1 M) solution. However, in the presence of pyrazole
derivatives at a 103 M concentration, the surface morphologies (Figure 7C,D) remarkably improved;
the parallel features shown in Figure 7A can be clearly seen. The images clearly indicate that steel
surface coated with P1 and P2 are protected against corrosion.

To confirm the presence of inhibitors on the steel surface, XPS analyses of the steel surfaces
treated with P1 and P2 (10~3 M) in and immersed in a soliton of HCI (1 M) for 2 h were carried out.
Results are shown in Figure 8. A comparison between the C 1s core level spectra obtained for steel
samples coated with P1 and P2 are shown in Figure 8A. The C 1s spectrum of sample treated with
P2 shows a clear asymmetry in the high binding enrgy region. This could be due to the presence
of the carboxylic group (-COOH) in P2. The spectrum shown in Figure 8B belongs to steel sample
coated with inhibitor P1 and it is deconvoluted in two contributions. The main contribution is broad
and centred at 284.8 eV, and is assigned to -CH3 and —-C=C- bonds of the inhibitor plus adventitious
carbon. This contribution overlaps to that due to -C-N bonds. The second contribution is weak, and it
is centred at 286.6 eV (5.0%) and assigned to C=N bonds of P1. The deconvoluted C 1s core level
spectrum of the sample coated with P2 is shown in Figure 8C. This spectrum shows three contributions
at 284.8 eV (75.1%), 286.1 eV (16.8%) and 288.1 eV (8.1%). The main contribution is due to -C=C-
bonds and to adventitious carbon, while the contribution at 286.1 eV is assigned to -C—N- and -C=N-
bonds. Finally, the third contribution at 288.1 eV is assigned to the presence of -COOH functional
group [55]. Figure 8D shows the Fe 2p core level spectra (Fe 2p3,, at 710.9 eV), which identify the
presence of Fe(Ill) on the surface, taken as reference Fe;O3 [56], present as mentioned before a very low
concentration (1.1%). These findings are verified by the Langmuir isotherm model obtained previously
(Figure 2). The results indicate that both pyrazolestend to stress corrosion process on steel surface.
The Fe 2p spectra also show a weak peak at about 707.5 eV due to the subyacent Fe(0).

3.6. Quantum Chemical Calculations

In this study, quantum chemical calculations ware performed to determinethe relationship
between the molecular structure of the P1 and P2 and their inhibition performance. The optimized
molecular structures and the frontier molecule orbital density distribution of the studied molecules
are shown in Figure 9, and the calculated quantum chemical indices Eyomo, ELumo, AE, and dipole
moment (i) are summarizedin Table 5.
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Figure 8. XPS C 1s core level spectra obtained for steel after treatment with HCI (1 M): (A) Comparison
of the surface steel covered by P1 and P2 at 10~3 M; (B) Deconvoluted C 1s spectrum of the surface
stell covered by P1; (C) Deconvoluted C 1s spectrum of the surface stell covered by P2. (D) Fe 2p core
level spectra of the surface steel covered by P1 and P2 at 10~3 M.

HOMO P1

&

LUMO P2

Figure 9. Optimized geometry and molecular orbital plots of studied pyrazole derivatives: (A) highest
occupied molecular orbital (HOMO) and (B) lowest unoccupied molecular orbital (LUMO) for P1

and P2.
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Table 5. Quantum chemical calculations parameters for P1 and P2.

Inhibitor  Egomo (eV) Erumo (eV) AE (eV) p (Debye)
P2 —8.54134 —4.39552 4.14582 3.6319
P1 —5.80012 —0.89434 4.90579 3.9252

Figure 9 shown that the highest occupied molecular orbital (HOMO) location in P1 is mostly
distributed in the vicinity of over the entire molecule apart both methyl, however the distribution
lowest unoccupied molecular orbital (LUMO) it is mainly localized on the pyridine ring. Whereas
the HOMO and LUMO location in P2 are mostly distributed in the vicinity of the aminobenzoic
acid, indicating that these are the binding sites to the metal surface adsorption. According to the
frontier molecular orbital theory (FMO) of chemical reactivity, the transition of the electron is related
to the interaction between HOMO and LUMO of reacting species [57]. EHomo is a quantum chemical
parameter which is often associated with the electron donating ability of the molecule. The high
value of Eryomo is likely to indicate a high tendency of a molecule to donate electrons to acceptor [58].
The inhibitor seems to donate an electron to the unoccupied d orbital of the metal ion and accept the
electron from the d-orbital of the metal leading to back m-bonding. According to the obtained result,
the highest Ejomo value —5.80012 eV of P2 indicates a high inhibition efficiency.

The tendency for the formation of back m-bonding depends on the value of E;ypo. Since the
lower the value of Eyymo, the easier the transfer of the electrons to the d orbital [59]. The values
of Erumo, shows no correlation between the experimental results and theoretical calculations.
Reportedly, excellent corrosion inhibitors are shown by organic compounds since it seems to donate
electrons to the unoccupied orbital of the metal and accept electrons from the metal [60]. The energy
gap, (AE = ELumo — Exomo) is an important parameter that influences the reactivity of the inhibitor
molecule towards the metallic surface. As AE decreases, the reactivity of the molecule increases leading
to an increase in the IE% of the molecule. Small energy difference will render good inhibition efficiency
because the electronaffinity will be low [61]. A low energy gap means the molecule is more polarizable
(soft) and hence high chemical activity and low kinetic stability [62].

Some authors showed that an increase of the dipole moment that itmight cause a decrease in
the inhibition and vice versa. So, lower values of the dipole moment will favorthe accumulation
of the inhibitor on the surface layer. In contrast, high dipole moment can lead to an increase in the
inhibition and vice versa, which could be related to a dipole-dipole interaction of molecules and metal
surface [63]. The higher value of p obtained for P2 is coherent with the second explanation.

4. Conclusions

In thepresent study, two pyrazole derivatives N-((3,5-dimethyl-1H-pyrazole-1-yl)methyl)pyridine-
4-amine (P1) and 4-(((3,5-dimethyl-1H-pyrazole-1-yl)methyl)amino)benzoic acid (P2) were synthesized
and evaluated as corrosion inhibitors for steel. The two compounds were chosen because they are easily
synthesized and have multi coordination sites for steel, represented by the lone pairs of the electron on
oxygen and nitrogen in addition to the 7-electrons on the aromatic rings. Both compounds showed
good inhibition efficiency and act as mixed-type of inhibitors for mild steel in hydrochloric acid solution.
Compound P2 showed higher inhibition efficiency than P1, and the inhibition efficiency increased
by increasing the inhibitor concentration. The inhibition occurs through adsorption of the inhibitor
on the mild steel surface. The adsorption of the inhibitors obeys a Langmuir adsorption isotherm.
The high K, 4 values indicate a strong interaction between the inhibitors and the carbon steel surface.
The calculated AGY 4, values suggest the presence of chemisorption. The potentiodynamic polarization
curves indicated that pyrazole derivatives are acting as mixed inhibitors with the predominance of
the anodic. The EIS results revealed the formation of a protective film on the mild steel surface.
UV-Vis spectroscopic studies revealed the occurrence of chemical interactions between the inhibitors
and iron in the mild steel. SEM images and spectra obtained by XPS spectrocopy confirmed the
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deposition of pyrazole derivatives on the mild steel surface. Quantum chemical studies support the
experimental results.
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