Materials International
Open Access Journal (ISSN: 2668-5728)
Article
Volume 6, Issue 2, 2024, 17
https://doi.org/10.33263/Materials62.017

Insight into Inhibition Efficiencies of Mannich Bases of
Thiourea Derivatives for Mild Steel Corrosion in 0.5 M
Sulphuric Acid Medium- An Experimental and
Theoretical Approach

Lavanya D. Kateel @ Priya V. Frank 2@ Vijaya D.P. Alva’® Supriya Bangera “©

L Department of Chemistry, Canara Engineering College, Benjanapadavu -574219 and affiliated to Visvesvaraya
Technological University, Belagavi, Karnataka
2 Department of Chemistry, Canara Engineering College, Benjanapadavu -574219 and affiliated to Visvesvaraya
Technological University, Belagavi, Karnataka
3 Department of Chemistry, Shree Devi Institute of Technology, Mangaluru, and affiliated to Visvesvaraya Technological
University, Belagavi, Karnataka
4 Department of Chemistry, P.A. College of Engineering Nadupadavu Mangaluru- 574153 and affiliated to Visvesvaraya
Technological University, Belagavi, Karnataka
*  Correspondence: lavanyakateel @gmail.com;
Scopus Author ID 57216254744
Received: 25.02.2024; Accepted: 12.05.2024; Published: 10.06.2024

Abstract: The inhibition efficiency of the mannich bases 1-[(4-methylpiperazin-1-
yD(phenyl)methyl]thiourea and 1-[(4-ethylpiperazin-1-yl)(phenyl)methyl]thiourea for mild steel
corrosion tested in 0.5 M sulphuric acid medium in the temperature range 303 K to 333 K was assessed
by electrochemical impedance spectroscopy, potentiodynamic polarisation measurement and density
functional theory techniques. The surface morphology of the uninhibited and inhibited mild steel
samples was analyzed using Scanning Electron Microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX). UV-visible spectroscopy and IR analysis of the corrosion product were performed
to know the interaction of inhibitors with the mild steel surface. From the electrochemical studies, it is
evident that the inhibition efficiency of both inhibitors increased with the increase in the concentration
of both inhibitors but decreased with the increase in the temperature. The adsorption inhibitors on the
metal surface are an exothermic process and follow Langmuir's adsorption isotherm. The adsorption is
a mixed type adsorption that involves both chemisorption and physisorption. The results obtained by
the DFT study are well correlated with the results of experimental studies.
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1. Introduction

Mild steel is one of the most commonly used metals in various industries due to its
excellent mechanical properties and low cost. However, mild steel undergoes severe corrosion
in the presence of acid solution used during the boilers' cleaning and removal of mild steel scale
[1]. Corrosion of mild steel can be effectively prevented by using corrosion inhibitors. Organic
inhibitors such as Mannich bases containing nitrogen, oxygen, sulfur, and n-electrons are found
to be very efficient inhibitors for the corrosion of mild steel in an acid medium because of their
capability to get adsorbed onto the metal surfaces [2, 3]. The study of Mannich bases has gained
the highest importance because of its high inhibition efficiency, easy synthesis, and low cost.
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In the present work, Mannich bases such as 1-[(4-methylpiperazin-1-
yl)(phenyl)methyl]thiourea(MPPMT) and 1-[(4-ethylpiperazin-1-yl)(phenyl)methyl]thiourea
(EPMT)(Figure 1) which were synthesized easily from relatively cheap raw materials and are
tested as a corrosion inhibitor in 0.5 M sulphuric acid medium at different temperatures. The

synthesis and characterization of these inhibitors were discussed in our earlier publication [4].
CH3
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Figure 1. Molecular structure of Mannich Bases.

2. Materials and Methods

2.1. Preparation of electrode surface.

The experiments were carried out using an MS sample with chemical composition
(wt%) C(0.18), Mn(0.6), Si(0.1), P(0.04), and remainder Fe(99.03). The mild steel cylindrical
test sample was cut from the rod and covered with cold-setting resin, and a surface area of 1
cm? was exposed to the corrosive medium. The test specimen was subjected to belt grinding
and polished using emery paper of different grades, followed by a mirror polishing on a disk
polishing wheel with levigated alumina. The MS sample was cleaned with distilled water and
acetone, dried with tissue paper, and immersed in a corrosive medium.

2.2. Preparation of corrosive medium.

The 0.5 M sulphuric acid solution was prepared by diluting AR grade 98 % sulphuric
acid with distilled water. To check the exact concentration of the acid solution, the prepared
solution was titrated against sodium hydroxide, which was standardized using oxalic acid. The
efficiencies of the inhibitors were also studied by preparing various concentrations of inhibitors
ranging from 50-1000 ppm in 0.5 M sulphuric acid at various temperatures in the range 303-
333 K.

2.3. Electrochemical study.

All electrochemical tests were conducted using the electrochemical work station, Gill
AC 1864 of ACM instruments, England. Conventional three-electrode cell assemblies with
platinum as a counter electrode, saturated calomel electrode as a reference electrode, and mild
steel as a working electrode (SCE) were used for electrochemical experiments. The specimen
was finely polished and immersed in 0.5 M sulphuric acid containing various concentrations
of inhibitors. After the attainment of open circuit potential, all the measurements were
recorded.

2.3.1. Electrochemical impedance study.

The Electrochemical Impedance spectroscopy tests were carried out by applying a 10
mV amplitude of AC signal in the 100 kHz-0.01 Hz frequency spectrum on the OCP. The

https://materials.international/ 20f19


https://doi.org/10.33263/Materials62.017
https://materials.international/

https://doi.org/10.33263/Materials62.017

Nyquist plots were used to analyze the impedance data and fitted to appropriate circuits using
ZSimpWin version 3.21 software.

2.3.2. Potentiodynamic polarization study.

Potentiodynamic studies were done immediately after the EIS studies with the same
specimen in the same medium. The potentiodynamic current—potential curves were recorded
from -250 mV to +250 mV for the OCP at a 1 mV /s scan rate.

2.4. UV-visible spectral analysis.

The UV-Visible spectra of the 1000 ppm of both MPPMT and EPMT inhibitors in
0.5M sulphuric acid solution were taken at room temperature using UV—Visible absorption
spectrophotometer (Shimadzu UV-1800 Japan) in the wavelength range 190-800 nm. Later,
absorption spectra of 1000 ppm of both the inhibitors in 0.5 M sulphuric acid were obtained
after a mild steel specimen was immersed for 22 hours. Then, they were used to explain the
mechanism of inhibition.

2.5. FT-IR spectroscopy.

FT-IR studies were performed for MS samples exposed to 0.5 M sulphuric acid, without
and with optimum concentration of inhibitors. After immersing the mild steel specimen for 22
hours in the corrosive medium under optimum inhibitor concentration at room temperature, the
surface layer of the specimen was scratched, and the collected powder was dried. This powder
was subjected to analysis using a Fourier Transform Infrared Spectrometer (IRPrestige-21,
Shimadzu, Japan).

2.6. Surface morphology study.

The morphological study of the mild steel in the absence and presence of the inhibitor
in 0.5 M sulphuric acid was studied with the help of a scanning electron microscope
(CARLZEISS 03-81 Germany). Elemental analysis was done using an energy-dispersive X-
ray spectroscopy (EDX) technique using an Oxford instrument after 22 hours of immersion in
0.5 M sulphuric acid with 1000 ppm of inhibitors at 303K.

2.7. Quantum chemical calculation.

The reactivity parameters and electron binding ability of inhibitor molecules MPMT
and EPMT were studied by density functional theory using Gaussian 03 W software. The
optimized structure obtained energies of the highest occupied orbital (EHOMO) and lowest
occupied orbital (ELUMO). These were used to calculate other quantum parameters like energy
gap(AE), ionization potential (I), chemical potential (u), electron affinity (A), Chemical
softness or electron polarizability (o,) chemical hardness (1), electrophilicity index (®) and
electronegativity ().
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3. Results and Discussion
3.1. Electrochemical studies.
3.1.1. Electrochemical impedance spectroscopy (EIS) study.

EIS measurements were carried out for various concentrations of MPPMT and EPMT
inhibitors in the temperature range of 303 K to 333 K after attaining the open circuit potential.
To obtain the steady state, the mild steel specimen was immersed for 30 minutes in 0.5 M
sulphuric acid with different concentrations of inhibitors before the electrochemical studies [5].
After 30 minutes, open circuit potential is recorded as a function of time for 400 s. Figure 2
shows the steady-state OCP curves for the mild steel sample in 0.5 M sulphuric acid with
different concentrations of both MPPMT and EPMT inhibitors. Nyquist plots obtained for mild
steel in 0.5 M sulphuric acid at different inhibitor concentrations at 303 K are shown in Figure
3.
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Figure 2. Variation of open circuit potential with time for MS in 0.5 M sulphuric acid with various
concentrations of (a) MPPMT; (b) EPMT.
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Figure 3. Nyquist plots of MS in 0.5 M sulphuric acid with various concentrations of (a) MPPMT; (b) EPMT
at 303 K.

It is observed that in Nyquist plots, the radius of the semicircle increased with a rise in
the concentration of both MPPMT and EPMT inhibitors, which gives proof for the adsorbing
capacity of the inhibitor [6]. The shape of the Nyquist plots remains the same in the unprotected
and protected system of mild steel surface in an acid medium, showing no change in the
corrosion inhibition mechanism. In the present study, the Nyquist plot appears to be a depressed
semicircle. This can be due to surface roughness, electrode irregularity, and electrode surface
non-homogeneity [7].
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Rs
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Figure 4. An equivalent circuit diagram is used to fit EIS data.

The impedance parameters are obtained by fitting the impedance spectra with an
equivalent circuit|R(QR)] Figure 4, and the circuit is composed of a solution resistance
component (Rs), a charge transfer resistance (Rct), and a constant phase element (CPE)[8]. The
impedance function of the element is represented by Eq. (1).

Z=Ylw)™ (1)

where Y, is the proportionality factor representing the CPE magnitude, i is the
imaginary number, w is the angular frequency, and n is the exponent related to the phase shift
indicating the degree of surface roughness [9, 10]. The double-layer capacitance Cq values
were obtained from charge transfer resistance R¢tand constant phase element parameters (Yo
and n) as per Eq. (2). The Cq values reduced with an increase in the inhibitor concentration in
most of the cases as a result of the increase in the thickness of the protective film and reduction
in local dielectric constant [11]. The irregular trend in Cq values suggests the complexity of
the adsorption-desorption process [12].

Ca = [Yo(Rct)l_n]l/n 2

From Tables 1a and 1b, it is clear that the R¢ value increases with a rise in the
concentration of MPPMT and EPMT inhibitors. The high Rc values suggest the formation of
a protective layer on the surface of the metal, thereby reducing the rate of corrosion.

From the R values, the percentage of IE is obtained according to Eq. (3).

IJ(%) — (Rct(irl;h)_Rct) x 100 (3)
ct

where Reyinny and Rt are the charge transfer resistances in the presence and absence of
an inhibitor, respectively.
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Figure 5. Bode plots of MS in 0.5 M sulphuric acid with varying concentrations of (a) MPPMT; (b) EPMT at
303 K

The Bode plots of MS immersed in 0.5 M sulphuric acid without and with varying
concentrations of MPPMT and EPMT at 303 K are depicted in Figures 5a and 5b. Bode
impedance plots show that adding inhibitors to a corrosive medium increases the surface
smoothness of the metal. As per the literature [13], an ideal capacitor has an ideal phase angle
and a constant slope value of -90° and -1. The current study's ideal capacitive behavior change
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is caused by surface roughness [14]. The Bode plots with and without inhibitors demonstrate
that deviation from ideal capacitive behavior is more effective without inhibitors. The slope
and phase angles are significantly increased because of the development of a protective coating
on the MS surface in the presence of inhibitors. The decrease in the dissolution rate of the metal
causes a rise in the phase angles as the concentration of the inhibitors increases [15].

The experimental results of electrochemical impedance spectroscopy, such as charge
transfer resistance (Rct), double-layer capacitance (Ca), and the calculated values of 1E%
without and with an inhibitor in 0.5 M sulphuric acid at 303-333 K are tabulated in Table 1a
and 1b.

Table 1. (a) Impedance parameters for MS corrosion in 0.5M sulphuric acid at various concentrations of
MPPPMT at varying temperatures.

Temp Inhibitor Rs Ret Qx10* n Cal %IE

(K) Conc. (ppm) (Qcm?) (s"/ Qem?) (MFecm?)

303K Blank 4.627 17.09 3.504 0.8303 123 -
50 3.443 66.53 3.365 0.794 125 74.31
100 3.491 92.45 4734 0.748 164 81.51
200 3.662 94.63 4.302 0.761 157 81.94
500 3.969 1575 3.942 0.7484 154 89.14
1000 3.137 229.5 3.860 0.6936 132 92.55

313K Blank 4.003 12.3 3.383 0.8667 145 -
50 3.671 26.15 4.612 0.7948 147 52.96
100 3.733 36.00 8.421 0.7911 334 65.83
200 3.494 58.15 6.397 0.7653 233 78.84
500 3.625 92.14 5.150 0.7274 164 86.65
1000 3.89 168.2 4.803 0.7369 195 92.68

323K Blank 3.468 8.718 5.245 0.8154 154 ---
50 2.981 14.29 11.20 0.7916 377 38.99
100 2.788 20.97 9.087 0.7708 279 58.42
200 3.913 31.67 11.850 0.7571 413 72.47
500 3.165 65.48 6.513 0.7867 276 86.68
1000 3.557 106.7 7.060 0.7311 272 91.82

333K Blank 2.634 471 19.96 0.7017 274 -
50 2.813 5.635 18.95 0.7806 526 16.41
100 3.505 7.898 18.04 0.7997 622 40.36
200 3.274 12.28 20.37 0.7723 686 61.64
500 3.674 27.75 16.25 0.7481 571 83.02
1000 2.597 46.52 15.46 0.7077 521 89.87

Table 1. (b) Impedance parameters for MS corrosion in 0.5 M sulphuric acid at various concentrations of EPMT
at varying temperatures.

Temp Inhibitor Rs Ret Qx10* n Cal %IE

(K) Conc. (ppm) (Qcm?) (s"/ Qem?) (uFecm?)

303K Blank 4.627 17.09 3.504 0.8303 123 -
50 3.140 76.99 2.354 0.8079 90 77.80
100 2.764 99.93 3.051 0.7473 93 82.89
200 2.779 1174 2971 0.7486 96 85.44
500 3.588 1815 3.265 0.743 122 90.58
1000 2.609 282.1 2.386 0.7501 97 93.94

313K Blank 4.003 12.3 3.383 0.8667 145 —
50 3.511 30.08 4.145 0.7932 132 59.10
100 3.413 71.49 2.676 0.8074 104 82.79
200 3.286 86.00 4.125 0.7682 150 85.69
500 3.625 99.41 6.076 0.793 292 87.62
1000 2.65 2449 3.080 0.8025 160 94.97

323K Blank 3.468 8.718 5.245 0.8154 154 -
50 3.624 20.49 4.787 0.8057 156 57.45
100 3.434 27.07 6.108 0.7942 210 67.79
200 3.04 4471 6.285 0.7494 190 80.50
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Temp Inhibitor Rs Ret Qx10* n Cal %IE

(K) Conc. (ppm) (Qcm?) (s"/ Qem?) (uFecm?)
500 3.318 70.73 1.950 0.7514 47 87.67
1000 4.005 136.00 6.092 0.7596 277 93.58

333K Blank 2.634 4.710 20.00 0.7020 274 ---
50 3.246 6.622 17.83 0.7671 463 28.87
100 3.141 9.075 7.433 0.8276 262 48.09
200 4.016 15.82 12.43 0.7966 455 70.22
500 3.978 30.7 14.84 0.7629 568 84.65
1000 3.386 60.82 13.55 0.7356 552 92.25

3.1.2. Potentiodynamic polarisation measurement.

The potentiodynamic polarization curves for mild steel in 0.5 M sulphuric acid solution
were plotted in the absence and presence of varying concentrations of MPMT and EPMT at
303 K, as shown in Figure 6. The electrochemical parameters such as corrosion potential (Ecorr),
corrosion current density (icorr), corrosion rate (vcorr), cathodic and anodic Tafel slopes (B¢ and
[a) are obtained from the polarization curve.
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Figure 6. Tafel curves of MS in 0.5M sulphuric acid at varying concentrations of (a) MPPMT; (b) EPMT at
303K.

The inhibitor's percentage inhibition efficiency may be calculated using Eq. (4).
I](%) — lcorr_'lcorr(inh) x100 (4)

lcorr

where icorr and icorrinn) are the corrosion current densities in the absence and in the
presence of the inhibitors, respectively. The electrochemical corrosion parameters, such as
corrosion potential (Ecorr), corrosion current density (icorr), and corrosion rate (vcorr), Obtained
by extrapolation of Tafel lines, are tabulated in Tables 2a and 2b.

Table 2. (a) Results of polarization method for MS corrosion in 0.5M sulphuric acid at varying concentrations
of MPPMT at 303-333K.

Temp Conc. of inhibitor | Ecorr Ba -Be icorr CR WIE
(K) (ppm) (MV/SCE) | (mVdec?) | (mVdec?) | (mA.cm?) (mmy?h
303 Blank -489.68 100.71 155.52 1.4155 16.731
50 -490.64 71.04 143.66 0.3956 4.6769 72.04
100 -488.27 73.96 143.89 0.2699 3.1912 80.92
200 -490.01 74.43 139.49 0.2510 2.9669 82.26
500 -478.82 71.65 143.21 0.1401 1.6566 90.09
1000 -481.02 74.06 134.83 0.0722 0.8534 94.89
313 Blank -478.89 115.82 196.63 2.5985 30.715
50 -489.75 81.40 173.20 1.2077 14.275 53.52
100 -487.47 86.28 160.67 0.9262 10.948 64.35
200 -486.75 81.76 146.94 0.5435 6.4241 79.08
500 -490.4 86.29 145.01 0.3001 3.5477 88.44
1000 -478.31 72.12 147.05 0.1668 1.9716 93.58
323 Blank -477.66 130.56 227.92 4.1283 48.796
50 -487.09 109.30 20547 2.6761 31.632 35.17
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Temp Conc. of inhibitor | Ecorr Ba -Be icorr CR %IE
(K) (ppm) (mMV/SCE) | (mVdec?) | (mVdec?) | (mA.cm?) (mmy?
100 -484.38 89.98 192.85 1.8699 22.102 54.70
200 -486.72 98.52 165.74 1.3395 15.833 67.55
500 -488.55 92.79 164.54 0.5909 6.9845 85.68
1000 -484.25 84.93 168.31 0.3982 4.7075 90.35
333 Blank -475.87 157.68 266.90 8.5191 100.69
50 -483.62 148.27 264.04 6.6865 79.034 16.41
100 -485.64 142.32 232.22 4.6043 54.422 40.36
200 -483.61 109.64 207.68 3.1163 36.272 61.64
500 -486.44 105.38 159.40 1.5943 18.845 83.02
1000 -486.34 89.68 159.75 0.8946 10.412 89.87

Table 2. (b) Results of polarization method for MS corrosion in 0.5 M sulphuric acid at varying concentrations
of EPMT at 303-333K.

Temp Conc. of inhibitor | Ecorr Ba -Be icorr CR %IE
(K) (ppm) (MVISCE) | (mVdec?) | (mVdec?) | (mA.cm? | (mmy?
303 Blank -489.68 100.71 155.52 1.4155 16.731 -
50 -486.89 65.26 148.34 0.3283 3.8810 76.80
100 -492.57 68.23 14481 0.2529 2.9894 82.13
200 -492.25 73.61 135.47 0.2041 24127 85.58
500 -486.50 85.54 152.14 0.1487 1.7586 89.48
1000 -493.31 76.17 134.65 0.0769 0.9092 94.56
313 Blank -478.89 115.82 196.63 2.5985 30.715 ---
50 -484.04 78.22 154.13 1.1440 13.522 55.97
100 -491.00 80.69 161.17 0.5166 6.1073 80.11
200 -493.52 78.71 154.49 0.4457 5.2691 82.84
500 -488.49 85.12 153.77 0.3588 4.2418 86.19
1000 -465.60 76.86 160.72 0.1885 2.2285 92.74
323 Blank -477.66 130.56 227.92 4.1283 48.796 ---
50 -482.52 92.385 197.03 2.0128 23.791 51.24
100 -485.48 81.58 185.11 14212 16.798 65.57
200 -491.01 90.82 174.32 0.9824 11.612 76.20
500 -486.67 93.18 148.31 0.6078 7.1844 85.27
1000 -484.39 87.91 164.40 0.3340 3.949 91.90
333 Blank -475.87 157.68 266.90 8.5191 100.690 ---
50ppm -484.67 147.60 266.42 5.8749 68.339
100ppm -480.44 114.56 226.07 4.1334 48.110
200ppm -486.46 98.50 159.97 2.1812 25.780
500ppm -486.44 98.23 146.51 1.346 15.910
1000 -486.45 100.89 158.09 0.7097 8.3800

Tables 2a and 2b show that the corrosion current density (icorr) @and corrosion rate (vcorr)
values decreased in the presence of different concentrations of MPPMT and EPMT. The
inhibition efficiency increases with an increase in concentration inhibitors, indicating that both
the inhibitors successfully inhibited hydrogen evolution reaction and dissolution of metal by
simply adhering to the mild steel surface and blocking the active sites. According to the
reported literature [16], if the shift in the corrosion potential is more than £85mV with respect
to the corrosion potential of the blank solution, then the inhibitor is considered as either anodic
or cathodic type. In the present study, the maximum displacement in corrosion potential in the
presence of both the inhibitors was found to be less than £85mV, which indicates that both the
inhibitor acts as mixed indicators, preventing both cathodic and anodic reactions, i.e., the
liberation of hydrogen and dissolution metal [17]. The inhibitor molecules adsorbed on the
metal surface create a barrier between the metal surface and the corrosive medium, thereby
protecting the metal surface from corrosion.
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3.2. Temperature effect.

The study of inhibition efficiencies at different concentrations of the inhibitors at
various temperatures gives useful insight into the nature of the adsorption process on the metal
surface by evaluating the thermodynamic and kinetic parameters. The effect of temperature on
the corrosion of mild steel in 0.5 M sulphuric acid medium in the presence of MPPMT and
EPMT inhibitors was studied at a temperature range of 303 K to 333 K. The data obtained by
the study indicate that the inhibition efficiencies of both the inhibitors decrease with an increase
in temperature. Both MPPMT and EPMT inhibitors show maximum inhibition efficiencies at
303 K, according to PDP and EIS studies. From Tables 2a and 2b, it is found that inhibition
efficiency decreased from 94.89 % to 89.87 % for MPPMT inhibitors. For EPMT the inhibition
efficiency decreased from 94.56 % to 92.28 % within the temperature range from 303 K to 333
K. It can be observed from the Fig 7b that corrosion inhibition efficiencies of both the inhibitors
decrease with an increase in temperature from 303 K to 333 K according to PDP studies and
this is in agreement with EIS studies. The decrease in inhibition efficiencies with an increase
in temperature can be due to the desorption of inhibitor molecules from the metal surface. This
is also due to the roughening of the metal surface as a result of enhanced corrosion at higher
temperatures. It is also observed from Figure 7a that the rate of corrosion of mild steel increases
with an increase in temperature. This can be due to the increase in the conductance of the
aqueous medium with an increase in the temperature, which increases the rate of diffusion of
hydrogen ions to the surface of the metal [18].
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Figure 7. Plot of variation of corrosion rate and (a) inhibition efficiency with various concentrations of (a)
MPPMT; (b) EPMT inhibitors.

The relation between corrosion rate and the temperature is given by the following
Arrhenius Eqg. (5) [19].
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InNCR=A—-22 (5)
RT
where A is the Arrhenius constant, Ea is the energy of activation, R is the universal gas
constant, and T is the absolute temperature. The plots of In(CR) versus 1/T gave a straight line,
as shown in Figure 8. The activation energy values for both the inhibitors were calculated from

the slope of these lines.
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Figure 8. Arrhenius plots of INCR vs. 1/T for MS in 0.5M sulphuric acid at different concentrations of
inhibitor.

The enthalpy and entropy of activation for the corrosion MS in 0.5 M sulphuric acid for
both MPPMT and EPMT were determined using the following transition state Eq. (6) [20].

RT AS* —AH*
CR = S €XP (T) exp ( RT ) (6)
where N is Avogadro’s number and h is Plank’s constant. Fig. 9 shows a plot of

In(CR/T) versus 1/T is a straight line with slope = (-AH*/R) and intercept = ln%exp(%).
The activation parameter values are given in Table 3.
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Figure 9. Plots of INCR/T vs. 1/T for MS in 0.5 M sulphuric acid at various concentrations of inhibitor.

Table 3. Activation parameters for MS corrosion in 0.5M sulphuric acid with MPPMT and EPMT inhibitors.

Inhibitor Conc. of the inhibitor | Ea AH? AS*
(ppm) (kJ mol ™) (kJ mol?) (I moltK?)

MPPMT Blank 48.61 45.99 -69.90
50 77.13 74.51 14.27
100 76.58 73.96 9.69
200 69.94 67.32 -14.03
500 66.27 63.66 -31.08
1000 69.62 67.00 -25.19

EPMT 50 76.24 73.62 10.07
100 77.71 75.09 11.06
200 65.65 63.03 -29.73
500 59.31 56.69 -52.81
1000 60.18 57.56 -55.37
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Table 3 depicts the inhibitor solution's high Ea values compared to the blank solution,
indicating the physical adsorption of MPPMT and EPMT on the MS surface [21]. The positive
values of AH* suggest that the metal dissolution process is endothermic. The values of AS*
indicate the decrease in disorder from the reactant to the activated complex state.

3.3. Adsorption isotherm.

In this study, among other isotherms, Langmuir isotherm best fits with the experimental
data, and it can be concluded that the adsorption of MPPMT and EPMT inhibitors on the MS
surface in H.SO4 follows Langmuir isotherm. The Eg. can represent Langmuir adsorption
isotherm (7) [22].

Cin 1
Th = Kods + Cinn (7)

where Kags represents the adsorptive equilibrium constant, Cinn is the concentration of
inhibitor, and 6 is the degree of surface coverage.

The plot of Cinn/0 versus Cinn at various temperatures is given in Fig. 10. The free energy
change (AG®ags) Of adsorption was obtained from Eqg. (8).

AG® 4q5= -RT In(55.5K ;. 45) (8)

where R is the ideal gas constant, T is the absolute temperature, and 55.5 is the molar
water concentration in solution (mol/dm?®). The standard enthalpy of adsorption (AHqs) and
standard entropy of adsorption (AS°uas) are calculated from Eq. (9) [23].
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Figure 10. Langmuir adsorption isotherms for MS in 0.5M sulphuric acid at various temperatures with (a)
MPPMT; (b) EPMT.

Calculated values of Kads, AG®ads, AH ads and AS°aqs are listed in Table 4. The negative
values of AH®aqgs prove that the adsorption of inhibitors is exothermic and, hence, physisorption.
The negative value of AS°qs indicates the reduction in disorder from the reactant to the
adsorbed species [24].

Table 4. Thermodynamic parameters for adsorption of inhibitors on mild steel at various temperatures.

Inhibitor Temp °C Kas(M?) | R? AG, (kJ/mol) | AS;, AH;,, (kd/mol)
(J/mol/K)
MPMT 303 12324 0.9995 -33.84 -78.45 -57.64
313 5533 0.9996 -32.87
323 3626 0.9999 --32.79
333 1443 0.9747 -31.25
EPMT 303 15252 0.9996 -34.38 -43.7 --47.89
313 9161 0.9982 -34.19
323 6512 0.9995 -34.36
333 2578 0.9986 -32.86

https://materials.international/

11 of 19


https://doi.org/10.33263/Materials62.017
https://materials.international/

https://doi.org/10.33263/Materials62.017

The negative value of AG®°ags indicates that inhibitor adsorption on mild steel surfaces
is spontaneous. In general, values of AG®.s are around -20 kJ mol™ or less negative, indicating
physical adsorption of the indicator on the metal surface, while those higher than -40 kJ/mol
indicate the chemical adsorption of the indicator on the metal surface [25]. In the present work,
AGP®,ds Values are around -31.25 to -33.84 kJ mol™ for MPPMT and -32.86 to -34.38 kJ mol*
for EPMT inhibitor, suggesting that inhibitor adsorption on the mild steel surface obeys both
physical and chemical adsorption mechanisms.

3.4. UV-visible spectrometry.

To confirm the formation of the Fe-Inhibitor complex, the visual absorption spectra of
MPMT and EPMT inhibitors in 0.5M H>SO4 were recorded before and after immersion of mild
steel specimen for 22 hrs at room temperature and are shown in Figures 11a and11b. According
to the graph, the absorbance of the inhibitor solution before immersion of MS sample is greater
than that of the inhibitor solution after immersion. The formation of the Iron-inhibitor complex
caused a major change in the absorbance frequency, suggesting that the inhibitors MPPMT and
EPMT adsorb on the metal surface [26].
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Figure 11. UV-visible spectra of (a) MPMT; (b) EPMT inhibitor before and after immersion of mild steel
sample.

3.5. FT-IR spectral analysis.

The FT-IR spectrum of MPPMT inhibitor without and with adsorption on the MS
sample in 0.5 M sulphuric acid is given in Figures 12a and 12b. It can be seen that the
characteristic peak at 3284 cm™ for NH stretch and peak at 2941 cm™ for CH stretch are
displaced to the 3338 cm™ and 3192 cm™, respectively, in the corrosion product. The
characteristic peak for C=C stretch at 1539 cm™ and the peak for C-N-C stretch at 1138 cm™
displaced 1637 cm™ and 1076 cm™, respectively. The FT-IR spectrum of EPMT inhibitor
without and with adsorption on the MS sample in 0.5 M sulphuric acid is given in Fig. 13a and
13b. It can be seen that the characteristic peak at 3286 cm™ for NH stretch and peak at 2825
cm™ for CH stretch are displaced to the 3280 cm™ and 2916 cm™, respectively, in the corrosion
product. The characteristic peak for C=C stretch at 1544 cm™ and peak for C-N-C stretch at
1155 cm™ displaced to 1629 cm™ and 1122 cm'?, respectively, in the scratched product. Shifts
in the IR frequencies in the inhibitors and the corrosion product indicate a strong interaction
between the inhibitor molecules and the MS surface and the development of a protective
coating on the metal [27].
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Figure 12. FT-IR spectra of (a) MPPMT; (b) scratched MPPMT film adsorbed on MS surface.
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Figure 13. FT-IR spectra of (a) EPMT,; (b) scratched EPMT film adsorbed on MS surface.

3.6. Surface morphology study.
3.6.1. SEM analysis.

Micro images of MS samples dipped in 0.5M sulphuric acid for 22 hours without and
with MPPMT and EPMT are given in Figure 14. Figure 14a depicts that the MS surface without
the inhibitors is severely corroded, and large numbers of pits are distributed over the metal
surface. Figures 14b and 14c show that the metal surface is smoother and reduces the number
of pits. This indicates that the inhibitors protect the MS surface against corrosion by creating a
protective coating on the metal surface when kept in 1000 ppm of MPPMT and EPMT
inhibitors for 22 hours in sulphuric acid solution.

(@) (b)
Figurel4d. Micrographs of MS specimens after dipping in 0.5M H>SO, at 303 K (a) without inhibitor; (b)
with 1000ppm MPPMT; (c) with 1000 ppm EPMT.
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3.6.2. EDX analysis.

Figures 15a and 15b show the EDX spectra of MS surface in 0.5 M sulphuric acid
without and with 1000 ppm MPPMT and EPMT. The spectral image of an uninhibited MS
sample shows the peak of manganese, phosphorous, and silicon, indicating the corrosion of the
metal in a sulphuric acid medium. These peaks are absent in the inhibited sample spectra. Table
5 shows the atomic and weight percentages of the elements obtained by the EDX image of the
uninhibited and inhibited MS surfaces. The quantitative analysis found that in the corroded
specimen, the atomic percentages of Iron and oxygen were 19.67 and 53.23, respectively. But
in the inhibited solution containing MPPMT, the atomic percentage of Iron increased to 81.66
and oxygen reduced to 12.23, and in EPMT solution, the atomic percentage of Iron increased
to 78.39 and oxygen reduced to 14.41, as given in Table 5. These findings affirm that MPPMT
and EPMT inhibitors protect MS surface from corrosion by adsorbing on its surface [28].

Table 5. EDX results for corrosion of MS in the absence and presence of MPPMT and EPMT.

Element Uninhibited sample MPPMT EPMT
Atomic % | Weight % | Atomic% Weight% Atomic % | Weight %
C 26.61 6.68 6.11 0.64 7.20 0.75
0 53.23 17.80 12.23 1.71 14.41 2.01
Si 0.12 0.07 - - - -
P 0.25 0.16 -
Mn 0.12 0.14 - - - -
Fe 19.67 22.96 81.66 39.88 78.39 38.14

Figure 15. EDX image of MS dipped in (a) 0.5 M H»SO4; (b) 0.5 M H,SO4with 1000 ppm MPPMT; (c)
0.5 M H,SO; with 1000 ppm EPMT.

3.7. Quantum chemical calculations.

A DFT study explored the specific reactivity parameters and adsorption behavior of the
MPPMT and EPMT inhibitors. Figures 16a and 16b show the ground state geometry structure,
HOMO, and LUMO images of MPPMT and EPMT, respectively. The parameters of the
theoretical calculations, such as the highest occupied molecular orbital energy(Exomo), the
lowest unoccupied molecular orbital energy (ELumo), electron affinity (A), ionization potential
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(I), chemical softness or electron polarizability (c,) chemical hardness (1)), electrophilicity
index (), electronegativity () and chemical potential (i) are tabulated in Table 6. EHomo
relates to the electron-giving ability of the molecule, and ELumo represents the electron
acceptance ability of the donor species. The inhibitor with a large Exomo value has the highest
tendency to donate electrons to the species with empty molecular orbitals [29].

According to Koopman’s theorem, ionization energy and electron affinity are related
to energies of the molecular orbitals and are calculated by Eq. (10) and (11).

-Eromo = | (20)

-ELumo=A (11)

Where | denote the ionization energy and A denotes the electron affinity. Chemical
hardness(n) and softness(c) are obtained from ionization energy and electron affinity using Eq.
(12) and (13) [30]. These are related to corrosion inhibition and are focused on Lewis acids and
bases theory and Pearson’s concept of hard and soft acids and bases [31].

1

n=10-4) (12)

o=1/y (13)

The electronic chemical potential p is given by Eq. 14.
=D (14)

2
Electronegativity (y) and electrophilicity index (o) were calculated using Eq. (15) and

Eq. (16) [32,33]. A good electrophile is denoted by its high electrophilicity value, and a good
nucleophile has a low electrophilicity value.

x=50+4) (15)

(16)

Positive

Positive Negative

Negative

Positive Positive

Negative

Negative

(b)
Figure 16. (a) Ground state geometry structure, HOMO and LUMO of MPPMT; (b) Ground state geometry
structure, HOMO and LUMO of EPMT.

Table 6. Quantum chemical parameters of MPPMT and EPMT.
HOMO | LUMO | AE ‘I ‘A ‘n ‘x ¢ ‘m
(eV) (eV) (eV) eVv) | (V) | (eV) | (eV) eVt | V) (eV)
MPPMT | -8.3928 | -3.9776 | 4.4151 | 8.392 | 3.977 | 2.207 | 6.185 | 0.452 | -6.185 | 8.664

Inhibitor

https://materials.international/ 15 0f 19


https://doi.org/10.33263/Materials62.017
https://materials.international/

https://doi.org/10.33263/Materials62.017

Inhibitor

HOMO | LUMO | AE I A n % o o
(eV) (eV) €) V) [ V) | V) | V) | eV [ V) | (V)
EPMT | -9.0875 | -4.6059 | 4.4816 | 9.087 | 4.605 | 2.240 | 6.846 | 0.446 | -6.846 | 10.459

The results in Table 6 indicate that -Exomo value of both MPPMT and EPMT is greater
than their —E_umo Vvalue, indicating that both the inhibitor has a high electron-donating and high
electron-accepting ability, resulting in strong bonding between the inhibitor molecules and the
MS surface. The smaller energy gap of the MPPMT and EPMT inhibitors indicates the high
reactivity of the inhibitors and strong bonding between the inhibitor molecules and the MS
surface [34].

3.8. Mechanism of inhibition.

The chemical structure of the inhibitor molecule, the charge on the metal surface, and
the type of interaction with the metal surface influence the adsorption phenomenon. In the
present study from the AG®qgs, it IS evident that the adsorption of both MPPMT and EPMT
inhibitors on the metal surface takes place through both physisorption and chemisorption.
Chemical adsorption occurs by interacting with an unshared pair of electrons on oxygen, sulfur,
nitrogen atoms, and z- electrons of the un-protonated inhibitor with vacant d-orbital of mild
steel. In acid, medium metal bears a positive charge; therefore, chloride ions of hydrochloric
acid adsorb onto the metal surface, creating a negative charge on the mild steel surface. So,
physical adsorption occurs through the electrostatic interaction between the protonated
inhibitor molecules and the oppositely charged mild steel surface, promoting physisorption
[35]. The formation of an adsorptive layer on the corroding surface of steel through physical
and chemical adsorption causes a decrease in the corrosion rate. An increase in inhibitor
concentration covers a larger surface area and increases inhibition efficiency.

Adsorbed inhibitor molecules on Mild

) Steel
Corrosion Product

In Acid Medium In the presence of Inhibitors

Figure 15. Schematic representation of adsorption of inhibitor molecules on mild steel surface.
4. Conclusion

In conclusion, this study has demonstrated the effectiveness of both MPPMT and
EPMT as potent inhibitors of mild steel corrosion in a 0.5M H2SO4 medium. The inhibitor
efficiency was found to increase with higher concentrations, reinforcing their utility in
corrosion prevention strategies. Polarization studies confirmed that these inhibitors function as
mixed-type inhibitors, adhering to the Langmuir adsorption isotherm model, which emphasizes
their adsorption behavior's predictable and consistent nature.

Electrochemical impedance spectroscopy further supported these findings, revealing a
significant increase in charge transfer resistance as the concentration of the inhibitors rose,
indicating enhanced surface protection. The inhibitory mechanism, attributed to both physical
and chemical adsorption processes, was validated through the activation and thermodynamic
https://materials.international/ 16 of 19
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parameters derived from the experiments. These results suggest a dual mechanism that
enhances the robustness of the inhibition process.

Additionally, surface morphology analysis using SEM and EDX confirmed the
adsorption of the inhibitors onto the MS surface, providing visual and compositional evidence
for their effectiveness. Importantly, the strong correlation between the experimental results
from electrochemical studies and the quantum chemical analysis highlights the reliability and
consistency of the findings.

Overall, this research underscores the potential of MPPMT and EPMT as effective
inhibitors for MS corrosion in acidic environments. The alignment of electrochemical and
quantum chemical data reinforces the conclusion that these inhibitors offer a promising
solution for extending the longevity of metal components in corrosive conditions. Future
studies could explore these inhibitors' scalability and long-term performance in industrial
applications.
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