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Abstract

The inhibition efficacies of two porphyrin molecules, namely, 5,10,15,20-tetra-[m-(methoxy)
phenyl] porphyrin (m-TMPP) and 5,10,15,20-tetra-[p-(methoxy)phenyl] porphyrin (p-TMPP)
on the corrosion of copper alloy (C12510) in 1.0 M H2S04 solutions were examined. Some
chemical, electrochemical measurements, density functional theory and Monte Carlo
simulations were utilized to study the adsorption behaviour and corrosion inhibition
efficiency of m-TMPP and p-TMPP on the Cu (111) surface in acidic media. Scanning electron
microscopy analysis was employed to examine the surface morphologies of the tested
C12510 surfaces. The outcomes of these techniques proved that the inhibition efficiency
increases with increasing concentration of TMPP molecules and with lowering temperatu-
res. The inhibition efficiency is reached to 96.23 and 97.61 % in the case of m-TMPP and p-
TMPP, respectively, using the potentiodynamic polarization technique. The inhibitory effect
of TMPP molecules is explained based on their spontaneous physicochemical adsorption on
the surface of C12510. The adsorption process is obeyed by the Langmuir isotherm model.
Additionally, some thermodynamic activation parameters were determined and discussed.
It was discovered that the two TMPP compounds retarded the pitting corrosion of C12510
in chloride-containing solutions by shifting the pitting potential to a more noble direction.
Based on all the approaches investigated, the inhibitory efficacy of p-TMPP is higher than
that of m-TMPP at every concentration tested.
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Introduction

Copper is a vital element used in many strategic industries due to its numerous qualities,
including its low price, electrical conductivity, and distinctive mechanical properties. It is mainly used
in electrical appliances, chemical industries, printed circuit boards, copper strips for shielding wires,
airbags, busbar terminals, electromagnetic switches, pen holders, and roof panels [1]. Copper is a
corrosion-resistant metal. Usually, 1.0 M H,SO4 solution is applied in pickling, cleaning processes,
and removing precipitation layers on the copper surface, but, unfortunately, corrosion of the copper
occurs, causing many economic problems. Researchers have tried a variety of approaches to
eliminate or slow down copper corrosion, the most significant of which is the utilization of corrosion
inhibitors because of their simple operation and remarkable effects [2].

Many of the inhibitors used for copper corrosion in acidic solutions are organic molecules with
heteroatoms; the most common ones are nitrogen, oxygen, phosphorus, and sulphur; they are
employed as inhibitors for copper corrosion in acidic solutions. These organic compounds' ability to
prevent corrosion is dependent upon the heteroatoms they contain and typically decreases in the
following order: P >S >N > O [3]. Numerous compounds, including drugs, synthetic organic molecules,
and plant extracts, have been demonstrated to have effective inhibition efficiency against copper
corrosion [4-6]. The efficiency of an inhibitor was influenced by the environment it operated in, the
metal surface characteristics, and the interface electrochemical potential [7]. It is widely recognized
that the initial stage in the mechanism of inhibition of copper in sulfuric acid solution is the adsorption
of the organic molecules onto its surface. The main factors determining the force of adsorption
operation are the chemical structure of the adsorbed compound, its properties like electron density
(orbitals that donate electrons), aromaticity, and functional groups [8]. Also, density functional theory
(DFT) calculations allow the prediction of molecular properties, which are key indicators of the ability
of a molecule to donate or accept electrons. These electronic descriptors are essential for
understanding how well an inhibitor can interact with a metal surface. Porphyrin derivatives have
previously been used as corrosion inhibitors for 304 stainless steel in acidic environments [9] and N80
steel in 3.5 % sodium chloride solution [10]. The inhibitory effect of these compounds is due to strong
adsorption on the steel surface.

The main objective of this manuscript is to determine the success of novel synthetic porphyrin
molecules in suppressing the corrosion of copper alloy (C12510) in 1.0 M sulfuric acid solution using
chemical and electrochemical methods. Scanning electron microscopy (SEM) was used to analyze
the surface morphology of the copper sample. We supported our results by confirming the
experimental results with calculated quantitative chemical parameters obtained from DFT and
Monte Carlo (MC) simulations. Additionally, this study attempts to explicate the adsorption of
porphyrin molecules on copper surfaces and understand the role of porphyrin structure in the
corrosion inhibition process.

Experimental

Materials

The composition of the copper alloy (C12510) applied in this study is as follows: Cu (99.9 wt.%),
Pb (0.020 wt.%), Zn (0.080 wt.%), Fe (0.05 wt.%), P (0.03 wt.%), Sb (0.003 wt.%), Te (0.025 wt.%),
Sn (0.05 wt.%), Ni (0.050 wt.%) and Bi (0.005 wt.%). All chemicals used in this study were analytical
grade (Aldrich chemicals). Distilled water was used to prepare corrosive solutions. 1.0 M H,SO4 was
prepared using H2S04 (98 %). The desired temperature of each experiment was adjusted to +1 °C
using an air thermostat.
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Synthesis of inhibitors

Solvents and reagents were purchased from commercial suppliers and were applied without
further purifying. A Buchi rotary evaporator was used to evaporate the solvent at a lower pressure.

'H NMR and 13C NMR spectra were gathered at 600 MHz on a Bruker Avance III™ HD 600 MHz
spectrometer in 5 mm diameter tubes. Signals are presented in & / ppm, from & =0.00 ppm
(tetramethylsilane). All was done with deuterated chloroform solvent at room temperature.
Ultraviolet-visible absorption spectra were recorded on Shimadzu® UV-1800 Spectrophotometer in
solvent as stated. IR spectra were recorded using a Shimadzu® IRSpirit Fourier transform infrared
spectrophotometer.

Thin layer chromatography (TLC) was employed using TLC plastic sheets coated with Silica Gel 60 F2s4
(MERCK"), and the compounds were visualized under short-wavelength UV light at 245 or 366 nm.

Scheme 1 presents the synthesis of 5,10,15,20-tetra-[p-(methoxy)phenyl] porphyrin (p-TMPP).

CHO
Propanoic acid, 150 °C

+
o
Y

OCH,

Scheme 1. Synthesis of p-TMPP

P-methoxybenzaldehyde (6.80 g, 50 mmol, 1 eq.) was added dropwise to newly distilled pyrrole
(3.35 g, 50 mmol, 1 eq.) in refluxing propionic acid (100 ml) in a modified version of Adler's general
procedure [11]. After allowing the mixture to cool to room temperature and refluxing it for 30 min at
150 °C, 150 ml of MeOH was added. The mixture was refrigerated for a week before being filtered and
given another methanol cleaning. A recrystallization from chloroform/methanol afforded purple solid
of title compound (1.82 g, 20 %); mp. >350 °C; Rf = 0.8 (Chloroform/Hexane; 1:1); *H NMR (600 MHz,
CDCl3) 6 = 8.87 nm (s, 8H), 8.13 (d, J = 8.5 Hz, 8H), 7.29 (d, J = 8.5 Hz, 8H), 4.10 (s, 12H), -2.75 (s, 2H).
13C NMR (151 MHz, CDCl3) 6 = 55.6, 112.2,112.2, 119.7, 134.7, 135.6, 159.4 nm.

Scheme 2 presents the synthesis of 5,10,15,20-tetra-[m-(methoxy)phenyl] porphyrin (p-TMPP).

CHO

IIjI Propanoic acid, 150 °C
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OCH,

Scheme 2. Synthesis of m-TMPP
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Freshly distilled pyrrole (3.35 g, 50 mmol, 1 eq.) was added dropwise to m-methoxybenzaldehyde
(6.80 g, 50 mmol, 1 eq.) in refluxing propionic acid (100 ml) in accordance with a modified version
of Adler's general approach [12]. The mixture was refluxed for 30 minutes at 150 °C. Once it had
cooled to room temperature, 150 ml of methanol was added. After a week of refrigeration, the
mixture was filtered and again cleaned with methanol.

A recrystallization from chloroform/methanol afforded purple solid of title compound (1.82 g,
20 %); mp.>350 °C; Rf=0.85 (Chloroform/Hexane; 1:1); *H NMR (600 MHz, CDCl3) 6 = 8.90 nm (s, 8H),
7.83(d,J=7.3 Hz, 4H), 7.80 (s, 4H), 7.65 (t, J = 7.9 Hz, 4H), 7.35 (dd, J = 8.4, 2.6 Hz, 4H), 3.99 (s, 12H),
-2.78 (s, 2H). 3C NMR (151 MHz, CDCl3) § = 55.5, 113.6, 119.9, 120.5, 127.5, 143.5 nm.

Weight loss technique

Thirteen coupons of C12510 were cut equally into (2.5x1.5x1) cm3 cuboids and then polished
with a series of emery papers (grades 320, 600, 800 and 1200) and then washed with bi-distilled
water, acetone and distilled water before being air-dried. The C12510 samples were immersed in a
blank solution of 1.0 M H,S0O4 solution and solutions containing different concentrations of m-TMPP
and p-TMPP. They were raised from their respective solutions after 2 hours, wiped with filter paper
to remove the corrosion products and then weighed, all carefully done at approximately the same
time. This process was repeated for different immersion periods (4, 6, 8, 10, 20 and 24 hours), at
298 K. WL technique was also performed for 1 M blank H2SO4 solution, 1.0 M H;SO04 solution
containing 1 mM m-TMPP and 1.0 M H,SOs solution containing 1 mM p-TMPP at temperatures of
313, 323, 333 and 343K. WL experiments were performed twice, and the average weight loss was
calculated. The corresponding corrosion rate (CRw / mg cm™? hl) and the inhibition efficiency (n)
were estimated by Equations (1) and (2) [13]:

CRw =DW / At (1)
CR, —CR.
T zwloo (2)

un

where, t / h is the immersion time, A / cm? is the exposed area of the copper samples, AW / mg is
the weight difference (before and after immersion) for the estimated time, and CRun and CRin
represent the corrosion rate in uninhibited and inhibited solution, respectively.

Electrochemical techniques

Potentiodynamic polarization (PP) and potentiodynamic anodic polarization (PAP) techniques
were conducted employing a PGSTAT30 potentiostat/galvanostat with a three-electrode cell; a
calomel electrode (SCE), a counter platinum electrode (Pt) and the copper alloy (C12510) working
electrode, with the exposed surface area of 0.25 cm?. After the electrode was submerged in the test
solution for around 60 minutes, or until the steady state potential was attained, the polarization
process was initiated. For the PP and PAP techniques, the scan rates were set at 2.0 and 0.1 mVs™,
respectively. In a temperature-controlled system, all procedures were done at 303 K. The
electrochemical impedance spectroscopy (EIS) technique was conducted at open circuit potential
(OCP) via peak-to-peak AC signal, with an amplitude of 4.0 mV and frequency range of 100 kHz to
0.1 Hz. Before being used, the exposed portion of the C12510 electrode was polished, cleaned for
five minutes with distilled water and acetone, and then dried. At room temperature (25 °C), the
corrosion data were recorded once as the potential reached the steady state values. The
guantitative parameters of the dissolving properties were computed after analyzing the Nyquist and
Bode plots.

The inhibition efficiency (n) obtained from PP and EIS was determined by the Egs. (3) and (4) [14]:

4 [Cher |
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i =i
Mep = ( uni mjloo (3)

un

_ [Rct,in _Rct,un J 100 4
Mos=| — o (4)

ct,in

where, iunand iin, are corrosion current densities for uninhibited and inhibited solutions correspond-
dingly, while Rctun and Rein are the resistance of charge transfer for uninhibited and inhibited
solutions, respectively.

Scanning electron microscopy analysis

SEM analysis for specimens was done in 100 ml of blank 1.0 M H;S04 solution and with 1.0 mM
of m-TMPP and p-TMPP for 2 h. Then specimens were taken off, washed with acetone, and then
dried. The analysis was done using a JSM-IT700HR/LA SEM, at a 15 kV acceleration voltage.

Density functional theory study

Density functional theory (DFT) is a frequently utilized instrument in corrosion research because
of its ability to accurately model and predict the molecular properties of many substances. In this
study, the molecular structures were drawn using GaussView software [15], while the Gaussian 09
suite was used for performing DFT calculations [16]. Specifically, the B3LYP functional with the
6-31G(d,p) basis set was employed to optimize the geometries of the m-TMPP and p-TMPP
molecules [17]. To better represent the surrounding environment, calculations were performed for
an aqueous phase using the conductor-like polarizable continuum model [18]. Using DFT, frontier
molecular orbital (FMO) properties were calculated. These provide insights into the molecule's
reactivity, as HOMO represents the molecule’s electron-donating ability, and LUMO corresponds to
its electron-accepting ability. Other key electronic descriptors derived from the FMO analysis
include global hardness (), global softness (o), and Fraction of transferred electrons (AN111) that are

calculated according to Equations (5) to (7):
E E

_tumo — Fromo ) (5)

2

O =

it (6)
v
AN, = P Lo (7)
2(Yeut Vin)
where @ is the work function of Cu surface (4.94 eV), and y is the electronegativity of inhibitor.

Monte Carlo simulation

To explore the interaction between m-TMPP and p-TMPP with the Cu (111) surface, we employed a
Monte Carlo (MC) simulation approach to model the adsorption process at the atomic scale. The
interaction energies and adsorption configurations were calculated using the Adsorption Locator module
in Materials Studio 2017 software [19]. The Cu (111) surface was chosen for its stability and relevance in
corrosion studies. We modelled a supercell of the copper surface using periodic boundary conditions to
simulate an extended surface area. A slab model of the Cu (111) surface was generated, with a 3.0 nm
vacuum in the z-direction above the surface. This setup represents a large enough surface area to explore
multiple adsorption sites for the molecules and solvent interactions. The copper surface was constructed
with 9x9 unit cells, resulting in a supercell with sufficient space to accommodate the inhibitors and solvent
molecules. To simulate an acidic environment, which is crucial for studying the corrosion process, we

https://doi.org/10.5599/jese.2544 5
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introduced 100 water molecules as the solvent, four hydronium ions (H30*) and two sulphate ions (S04%")
were incorporated into the simulation box. The entire simulation system (Cu surface, water molecules,
hydronium ions, sulphate ions, and inhibitors) was optimized using the Forcite module in Materials Studio.
The COMPASS force field was applied for all components of the simulation [20]. The COMPASS force field
is well-suited for organic and inorganic systems and has been validated for surface interactions, making it
ideal for simulating the interaction of inhibitors with metal surfaces. Energy minimization was applied to
find the most stable configuration of the system, ensuring that all components are at their lowest possible
energy states.

Results and discussion

Open circuit potential measurement

The open circuit potential (OCP) was measured over one hour while the copper working electrode
was immersed in a 1.0 M H;S04 solution. Figure 1 shows that the OCP values stabilize after about ten
minutes. Moreover, the investigated TMPP compounds considerably diminish the cathodic corrosion
process, as the OCP values become more negative than the blank.

-0.05 a) -0.05 b)
w -0.06 = Blank N -0.06 }- = Blank
? 1M @ -0.07 1uM
g oum £ -
> w2 008 ¢ 10 uM
g ©50 UM = .0.09 © 50 uM
o 4100puM S
5 £ 010 & +100uM
A500pM o 4 500 uM
o 1mM -0.11 “1mM
-0.12
0 0._. 40 60
Time, min

Figure 1. Open circuit potential of C12510 alloy versus time in 1.0 M H»2S0O4 solution without and with
different concentrations of a) m-TMPP and b) p-TMPP

Potentiodynamic polarization technique

Figure 2 presents the PP curves of the C12510 electrode in blank 1.0 M H,SO4 and with different
m-TMPP and p-TMPP molecule concentrations that vary from 10 uM to 10 mM. The estimated parame-
ters from the anodic and cathodic curves, such as Tafel slopes, anodic (/%) and cathodic (/%), corrosion
potential (Ecorr), corrosion current density (icorr) and inhibition efficiency (770p), are listed in Table 1.

(I 0 -
a
1 - ) 1 - b)
Blank = Blank
E_z, 1M =2 —1puM
€
O -3 —_— -3 —
< 10 uM ; 3 10 uMm
=4 - ———50 uM S ———50 uM
3 ——100 uM g .| ——100 uM
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—_—1mM —1mM
7 ! ! ! ! -7 T T T T
0 06 02 02 0.6 10 06 02 02 0.6
Potential Applied, V vs. SCE Potential Applied, V vs. SCE

Figure 2. PP curves for C12510 alloy in 1.0 M H,50, solution without and with different concentrations of
a) m-TMPP and b) p-TMPP, at scan rate 2.0 mV s~ at 298 K
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Table 1. Electrochemical corrosion parameters of C12510 alloy in 1.0 M H,SO, solution and with different
TMPP doses at scan rate 2 mV s~ and 298 K

C/uM (at298K) -B./mVdec?! £/ mVdec?! -Ecorr / MV icorr / WA ™2 CRpp / mm year? nep

Blank 48 62 79 2630.0 30.9 -

1 49 63 23 1321.3 15.5 49.76

10 50 65 44 864.4 10.2 67.13

m-TMPP 50 48 68 40 839.2 9.9 68.09
100 45 70 52 680.5 8.0 74.13

500 42 71 93 198.2 2.3 92.46

1000 40 72 103 99.1 1.2 96.23

1 34 58 96 844.0 9.9 6791

10 34 60 81 727.3 8.6 72.35

o-TMPP 50 35 62 48 479.3 5.6 81.78
100 35 63 39 468.8 5.5 82.17

500 35 64 20 196.1 2.3 92.54

1000 36 65 18 62.9 0.7 97.61

The PP curves in 1.0 M H,SOs in the absence and the presence of different concentrations of
TMPP compounds shift to lesser current densities without a significant change in the shapes and
slopes of the curves upon increasing the TMPP concentrations. This finding confirms the TMPP
inhibitory ability of C12510 alloy against acid corrosion, by reducing the corrosion reaction rate
without changing its mechanism. Anodic and cathodic current densities are significantly reduced
with increasing m-TMPP and p-TMPP concentrations. This implies that the adsorption of porphyrin
molecules, which probably blocks the active sites on the C12510 surface within the corrosive
electrolyte, efficiently suppresses the dissolution of anodic metal and the development of cathodic
hydrogen. The values of icorr are reduced upon the increase of the TMPP concentrations and the nep
increases, proving the inhibitory impact of these compounds.

The values of Tafel slopes (£ and f) were nearly unchanged in the presence of porphyrin
molecules. The change in B, is about 10 and 3 mV dec? in the case of m-TMPP and p-TMPP,
respectively, while the change in S is about 8 and 12 mV dec? in the case of m-TMPP and p-TMPP.
Also, the Ecorr values change within less than 85 mV away from the blank by increasing TMPP
concentration. This implies that porphyrin compounds operate as mixed-type inhibitors via
inhibiting both anodic and cathodic corrosion reactions [21].

A drop of the current density in the cathodic region is observed, followed by an irreversible increase
as the potential decreases. Also, a potential plateau is seen where the Cu electrode crosses the Tafel
polarization zone in the anodic region. In this region, the current value barely changes with the potential
increase before its irreversible increase as the potential increases further. This phenomenon is probably
due to the formation of the porous surface layer of corrosion products.

Potentiodynamic anodic polarization

PAP curves for a C12510 electrode in blank 1.0 M H;SO4 and with different quantities of NaCl added
as a pitting corrosion factor at a scan rate of 0.1 mV s are displayed in Figure 3. The slow scan rate
reduces the chance for pitting at a lower potential [22]. The lack of a dissolving peak confirms the
stability of the coating layer grown on the surface of C12510. Until a certain potential is achieved, the
current increases rapidly due to the passive layer built on the surface of C12510 and the pitting corrosion
progresses. This potential is known as the pitting potential (Epi.). The reduction of passivity can originate
from the adsorption of Cl ions on the passive film that develops on the C12510 surface, which generates
an electrostatic field through the film/electrolyte interface [23]. Thus, at a certain magnitude of the
electrostatic field, the adsorbed anions start to enter the passive film and the pitting corrosion develops.

https://doi.org/10.5599/jese.2544 7
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Assessment of the electrode surface after PAP tests showed visible pits, the number of which increased
with increasing chloride ion content in the solution.

0.20 -
0.15 - Blank
——1mM
-~ 0.10 -
£ ——5mM
< 005 - ——10 mM
~
"~ 0.00 - 50 mM
—0.1M
-0.05 -
——0.5M
'0.10 T T T 1
-1.0 -0.6 -0.2 0.2 0.6

Potential Applied, V vs. SCE

Figure 3. Potentiodynamic anodic polarization curves for C12510 alloy in 1.0 M H,SO, solution and different
concentrations of NaCl at room temperature, at scan rate 0.1 mV s~ and 298 K

The correlation between Epitt and log Cl- is described in Figure 4. A straight-line relationship that
fulfils the equation below [24]:

Epit= o - flog Cer (8)
where a and S rely on the concentration of aggressive ions, as well as the type of metal or alloy.
When the concentration of Cl" ion increases, Epit: values are moved to the active negative direction,
proving that the Cl" ion speeds the formation of pitting corrosion. TMPP molecules were tested as
inhibitors for pitting corrosion utilizing the PAP technique.

The PAP curves for the C12510 electrode in a solution of 1.0 M H,SO4 + 0.5 M NacCl without and
with certain concentrations of m-TMPP and p-TMPP molecules, respectively, are represented in
Figure 5 at a scan rate of 0.1 mV s,

It has been discovered that the Epit: of the C12510 electrode is moved to more noble values with
increasing the concentration of TMPP molecules. This implies increased protection of the C12510
electrode from pitting attack.

The relation between the logarithmic of the molar concentration of the TMPP molecules and Epit
is displayed in Figure 6. Straight lines are acquired by satisfying Equation (9):

Epitt=a - b log Crvep (9)
where a and b rely on the inhibitor employed as well as the type of metal or alloy.

-0.03

-0.06 -

Epitt / \

-0.09 -

-0.12 . . .
-3.0 -2.0 -1.0 0.0
log (Inac / M)
Figure 4. Epi: vs. log Ccr ions for C12510 alloy in 1.0 M H,S04 solution with various concentrations of NaCl, at
scan rate 0.1 mVs™'and 298 K
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Figure 5. Potentiodynamic anodic polarization curves for C12510 alloy in (1.0 M H;S04 + 0.5 M NaCl)
solution with various concentrations of a) m-TMPP and b) p-TMPP, at scan rate 0.1 mV s~ and 298 K
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Figure 6. Epit: vs. log Crmpep for C12510 alloy in (1.0 M H,SO4 + 0.5 M NaCl) solution with concentrations of
TMPP, at scan rate 0.1 mV s~ and 298 K

These findings verify that the presence of TMPP molecules increases the resistance to pitting
corrosion. These molecules are categorized as inhibitors of pitting corrosion. The noble shift of Epi,
which suggests a greater ability to resist pitting corrosion, is greater for p-TMPP molecule than m-
TMPP molecule at all concentrations tested.

Scanning electron microscopy analysis

The SEM is one of the most crucial instruments for surface analysis because of its capacity to offer
a detailed microscopic view of metal surfaces. Figure 7 displays the SEM images of the surface of
C12510 after PAP curves at a scan rate of 0.1 mV s™"in (a) 1.0 M H,S04, (b) 1.0 M H2504 + 0.5 M NaCl,
(c) 1.0 M H2SO4 + 0.5 M NaCl + 0.001 M m-TMPP and (d) 1.0 M H,SO4 + 0.5 M NaCl + 0.001M p-TMPP.
It can be noticed in Figure 7a that the unsmooth surface was produced by the corrosion attack of
H,S04 solutions. Figure 7b shows that when 0.5 M NaCl was added as a pitting corrosion agent, the
C12510 surface became more damaged and the pits can be clearly observed. By introducing the m-
TMPP and p-TMPP molecules into the corrosive system (Figure 7c and d), the surface of C12510 is
improved and the pits observed in the presence of NaCl disappeared. Pitting corrosion is avoided
because the TMPP compound adsorbs on the surface of C12510 and creates a surface layer that
separates the C12510 apart from the aggressive solution. It is evident that p-TMPP molecules form a
good film on the C12510 surface with a higher inhibition efficiency and less damage caused by

https://doi.org/10.5599/jese.2544 9
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corrosion than the film formed by m-TMPP molecules. This last film shows lower inhibition efficiency
than p-TMPP, and some corrosion damage still happens.

F i e ‘ x %
¥ L ) & o & #

Figure 7. SEM images for C12510 alloy in (a) 1.0 M H,50,, (b) 1.0 M H;SO4 + 0.5 M NaCl,
(c) 1.0 M H,SO4 + 0.5 M NaCl + 0.001 M m-TMPP and (d) 1.0 M H,SO4 + 0.5 M NaCl + 0.001 M p-TMPP

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a non-invasive technique helpful for under-
standing the electrochemical corrosion process of the metal and how organic molecules affect the
reaction mechanism and prevent the metal dissolution [25,26]. This method effectively clarifies the
electrolyte-electrode interface dynamics, providing insight into various physical and chemical
properties, such as metal surface roughness and impurities [27]. The Nyquist and Bode plots for the
C12510 electrode in a blank 1.0 M H,SO4 and with certain concentrations of m-TMPP and p-TMPP
molecules ranging from 1 uM to 1 mM are presented in Figure 8.

The measured Nyquist impedance graphs shown in Figure 8A display imperfect, not ideal
semicircles. This is typically explained by the frequency dispersion of interfacial impedance arising
from contaminants, surface roughness, grain boundaries, inhibitor adsorption, building up porous
layers, and electrode surface homogenates. Also, the semicircles for the C12510 electrode, in the
absence and presence of the TMPP compounds, are similar, implying that the TMPP inhibitors do
not affect the corrosion mechanism, as previously reported by PP measurements [28]. The
semicircular appearance seen in both blank 1.0 M H,SO4 solution and the presence of TMPP
molecules claim that, in all cases, the charge transfer process governs the dissolution process of the
C12510 electrode [29]. With increasing the concentration of TMPP molecules, the diameter of the
capacitive loop increases, signifying higher charge transfer resistance, which appears due to the
improved strength of the adsorbed inhibiting film.
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Figure 8. The Nyquist and Bode plots for C12510 alloy in 1.0 M H,SO, solution without and with different
concentrations of (A and C) m-TMPP and (B and D) p-TMPP molecules

Bode diagrams shown in Figure 8B represent the dependency of impedance modulus |Z| and
phase shift on frequency. Bode plots show clear separation into two time constants, indicated by
the appearance of a change in slope of impedance modulus |Z| and two phase angle maxima,
effectively splitting the Bode plots into two sections, one at higher and another at lower frequencies.
The impedance modulus increases with increasing the concentration of TMPP molecules, indicating
the adsorption of TMPP molecules on the C12510 surface and strengthening the inhibitory effect
against the H;S04 solution [30]. Generally, higher concentrations of TMPP shift the phase-angle
peaks to higher values, approaching the ideal capacitor values (-90°), an indication of their ordered

distribution on the copper surface.
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Figure 9. The electrical equivalent circuit used to fit electrochemical impedance data of C12510 alloy

The proposed electrical equivalent circuit designed for interpreting the impedance information is
demonstrated in Figure 9. The recommended electrical equivalent circuit looks like this: initially, the
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solution creates a resistance (Rs), followed by the impedance of an electrical double layer(Yoq)) created
by the corrosive solution in contact with the copper surface. Resistance to copper dissolution is
denoted by charge transfer resistance (Rct). Eventually, a chemical reaction occurs on the surface and
chemical deposits are formed on the surface, creating a layer resistance (R.), which arises from the
formation of a barrier layer that impedes charge transfer during the electrochemical reaction. The
capacitance of the barrier layer (YoL) is created with deposits acting as dielectrics. This phenomenon is
supported by the PP results, as shown by the drops in the copper alloy's anodic and cathodic current
densities at some potentials.

Table 2 summarizes impedance parameter values obtained by fitting the electrical equivalent
circuit in Figure 9 to impedance spectra in Figure 8. The chi-square values (x?) are in the range of 10-
4 suggesting the consistency of the simulation and experimental data. As shown in Table 2, when
TMPP concentrations are raised, both Rt and R increase, most likely due to the adsorption of TMPP
molecules on the C12510 surface, ongoing with the formation of a barrier layer of the inhibitor
molecules on the C12510/electrolyte interface, inhibiting the electrochemical corrosion reaction,
hence nesrises [31].

Table 2. AC impedance data for C12510 alloy in 1.0 M H,SO, solution at room temperature with and without
various TMPP concentrations

C/uM ) Rs/ Yoal / Ca/ Ret/ Yoo/ R/
(at 298 K) X Q cm? Mvodl mSs"cm?2 mFcm? Qcm? ML mssnem?  Q cm? Ness
Blank 0.00015 2.17 0.61 18.93 527.58 63.05 0.54 1.10 49.48 -

1 0.00024 2.52 0.62 4.81 122.62 453.41 0.54 0.55 73.95 86.09

10 0.00011 2.54 0.61 4.17 116.89 583.73 0.56 0.47 172.67 89.20

m-TMPP 50 0.00090 5.75 0.64 3.98 90.55 616.23 0.59 0.37 205.69 89.77
100 0.00054 5.47 0.65 3.93 77.19 707.71 0.52 0.33 238.15 91.09

500 0.00032 6.01 0.66 3.81 68.62 850.25 0.57 0.23 282.08 92.58

1000 0.00041 6.61 0.68 1.89 28.16 905.41 0.57 0.13 290.52 93.04

1 0.00032 2.96 0.58 8.94 334.44 492.13 0.57 0.64 105.34 87.19

10 0.00018 2.86 0.58 7.20 252.72 622.09 0.59 0.54 188.96 89.86

o-TMPP 50 0.00032 6.10 0.59 6.04 210.37 777.34 0.54 0.45 228.93 91.89
100 0.00041 6.45 0.61 5.07 14449 811.44 0.50 0.34 249.23 92.23

500 0.00076 9.33 0.60 4.41 131.72 935.81 0.58 0.24 298.33 93.26

1000 0.00037 10.27 0.67 3.99 65.70 1085.88 0.55 0.14 307.55 94.19

True double-layer (Cql) capacitance values were estimated by the following formula [32]:

Cai = Yodi 0" = Yodi(2 7tfmax)™ (10)
where Yoa /S s" cm2 is a parameter that describes the impedance of constant phase element (CPE),
applied instead of a true double layer capacitor described by Cs/ F cm™ capacitance, n is CPE
exponent, @ = 2nif is radial frequency, while fmax is the frequency at which the imaginary component
of the impedance is maximal.

Ca values decrease with increasing TMPP concentration. These TMPP molecules could replace
water molecules at the C12510/electrolyte interface, increasing its surface coverage and effectively
shielding the copper from the corrosive surroundings. This led to increased double-layer thickness
and a drop in Cq. The calculated neis increases in the order p-TMPP > m-TMPP, as expected from the
PP.

Weight loss technique

The corrosion behaviour of the C12510 sample was examined using the WL method at various
concentrations of m-TMPP and p-TMPP molecules, ranging from 1 uM to 1 mM, and across a variety
of time intervals, from 2 to 24 hours. The results gathered for the m-TMPP and p-TMPP molecules
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are listed in Table 3. According to Table 3, the addition of two studied compounds greatly lowered
the corrosion rate of C12510 in the acid solution and enhanced inhibition efficiency (nw). Therefore,
it is reasonable to conclude that the two tested compounds are effective in preventing acid
corrosion of C12510.

Table 3. Corrosion rates and inhibition efficacy of C12510 alloy in 1.0 H,SO, solution with and without different
TMPP concentrations for different immersion times

Inhibitor concentration, uM

Inhibitor Time. h 0 1 10 50 100 500 1000
’ CRw/ CRw/ nw/ CRw/ nw/ CRw/ nw/ CRw/ nw/ CRw/ nw/ CRw/ nw/
mgcm?h? mgem?h? % mgem?h? % mgocm?h! % mgcm?h! % mgcm2h! % mgcem?h! %
2 1.45 1.33 8.28 1.24 14.48 1.12 22.76 0.97 33.10 0.85 41.38 0.65 55.17
4 2.61 2.22 14.94 2.06 21.07 1.7 34.87 1.38 47.13 0.85 67.43 0.44 83.14
6 3.42 2.8 18.13 2.51 26.61 2.15 37.13 1.62 52.63 0.95 72.22 0.53 84.50
m-TMPP 8 4.72 3.26 30.93 3.03 35.81 2.5 47.03 1.88 60.17 1.1 76.69 0.62 86.86
10 5.63 3.57 36.59 3.32 41.03 2.74 51.33 2.06 63.41 1.21 78.51 0.68 87.92
20 7.4 3.56 51.89 3.31 55.27 2.73 63.11 2.05 72.30 1.2 83.78 0.68 90.81
24 8.16 3.58 56.13 3.33 59.19 2.75 66.30 2.07 74.63 1.21 85.17 0.68 91.67
2 1.45 1.31 9.66 1.18 18.62 1.12 22.76 0.91 37.24 0.78 46.21 0.5 65.52
4 2.61 2.12 18.77 1.81 30.65 1.57 39.85 1.16 55.56 0.7 73.18 0.43 83.52
6 3.42 2.47 27.78 2.12 38.01 1.83 46.49 1.35 60.53 0.79 76.90 0.39 88.60
p-TMPP 8 4.72 2.98 36.86 2.55 45.97 2.21 53.18 1.63 65.47 0.96 79.66 0.47 90.04
10 5.63 3.33 40.85 2.85 49.38 2.47 56.13 1.82 67.67 1.07 80.99 0.52 90.76
20 7.4 3.44 53.51 2.95 60.14 2.55 65.54 1.88 74.59 1.1 85.14 0.54 92.70
24 8.16 3.39 58.46 2.91 64.34 2.51 69.24 1.86 77.21 1.09 86.64 0.53 93.50

The results demonstrate that the nw increases as TMPP concentration and immersion time
increase. This finding could be attributed to the fact that more molecules are adsorbed, covering a
larger surface area of the C12510 as the TMPP concentration increases. Consequently, the corrosion
rate is reduced, and the inhibition efficiency increases. It's noteworthy to observe that there is a
small range in which the nw increases from the lowest to the greatest TMPP concentration. This
behaviour is due to the formation of an isolating layer resulting from the adsorption of TMPP
molecules on the C12510 surface. The nw is of the order: p-TMPP > m-TMPP. Also, there is an
obvious agreement between nw values obtained using weight loss data and those obtained with the
PP, PAP and EIS techniques.

Activation thermodynamic parameters

The influence of raising the temperature on the corrosion of C12510 in blank 1.0 M H,SO4 and
inhibited by 1 mM m-TMPP and p-TMPP compounds for 2 h, was examined at temperatures ranging
from 298 to 343 K. The calculated results presented in Table 4 show that with increasing
temperature the values of CRw rise, while the nw are reduced. A decrease in the % Nw and an
increase in the rate of elimination of the adsorbed TMPP from the surface of C12510 support the
physical adsorption of the TMPP compounds on the C12510 surface.

The activation energy (Ea), the activation enthalpy (AH*), and the activation entropy (AS*) of
C12510 in blank 1.0 M H,S04 and solution containing 1 mM m-TMPP and p-TMPP molecules for 2
hours were assessed using Arrhenius equation and transition state relation [33]:

E
InCR,, :InA—RaT (11)

In% =|In R +AS _AH (12)
T Nh) R | RT

where, A is the Arrhenius constant, h is the Planck’s constant and Na is Avogadro’s number.
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Table 4. Thermodynamic activation parameters of C12510 alloy in 1.0 M H,SO, solution both with and without
1 mM TMPP in different temperatures after 2 h of immersion time

Solution T/K CRw/mgem?h?! nw/% Ea/kilmol!  AH*/klmol? AS*/Jmol!K?
298 1.45 -
313 2.31 -
1 M H,S0, 323 3.33 - 26.42 23.76 -162.16
333 4.84 -
343 5.48 -
298 0.65 54.88
1 M H,S0, 313 1.23 46.82
+ 323 2.09 37.17 37.89 35.24 -130.42
1 mM m-TMPP 333 3.68 24.07
343 4.36 20.43
298 0.50 65.17
1 M H,S0, 313 1.17 49.42
+ 323 1.77 46.97 38.90 36.25 -128.65
1 mM p-TMPP 333 2.94 39.26
343 3.84 29.98

Figures 10A and 10B exhibit the plots of log CRw and log (CRw/T) vs. 1/T for the C12510 sample
in blank 1.0 M H;SO4 and with 1 mM concentrations of m-TMPP and p-TMPP molecules. Straight
lines were produced with a coefficient of determination (R?) close to unity.
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Figure 10. Arrhenius (A) and transition state (B) plots for C12510 alloy in 1.0 M H,50, solution with and
without 1 mM concentrations of m-TMPP and p-TMPP

From the slope of the straight lines in Figure 10A, the values of E; were computed and listed in
Table 4. In the presence of TMPP molecules, the values of E; are greater than in blank 1.0 M H,SO0a,
suggesting the physical adsorption of TMPP molecules on the C12510 sample. The higher value of
Ea in the presence of TMPP molecules denotes the creation of a higher energy barrier against the
corrosion process because an adsorbed layer has developed on the C12510 surface [34]. From the
slopes and the intercepts of the straight lines in Figure 10B, the values of AH* and AS* were
computed and listed in Table 4. The positive values of AH* values imply an endothermic corrosion
reaction, and when TMPP is added, the value rises, which suggests a greater need for heat for the
reaction to proceed. The activated complex of the rate-determining step is association instead of
dissociation, as indicated by the negative entropy change (AS*) sign, which represents the formation
of more arrangement when the reactant transforms to the activating complex.

Adsorption isotherm

Applying weight loss data, the surface coverage (6) was determined for the varied concentrations
of TMPP molecules to analyse the adsorption behaviour of TMPP on C12510in 1.0 M H;SO4 solution.
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The adsorption process can be thought of as an exchange process between the TMPP molecules in
the aqueous solution [TMPPaq,)] and water molecules adsorbed on the C12510 [H20(ags)] to donate
the adsorbed TMP on the C12510 surface [TMPPags,)], using Equation (13):

TMPP(aq,) + H20(ads.) =@ TMPP(ags,) + fH20(aq)) (13)
where fis the amount of water molecules exchanged by one TMPP molecule.

The interaction between the C12510 surface and TMPP molecules in 1.0 M H,SOs solution is
studied through the adsorption isotherm. The surface coverage value (&) estimated from the WL
technique is employed for several adsorption isotherms. It was found that the Langmuir isotherm

matches the experimental data excellently, according to the following equation:

C 1
%:K_—}_CTMPP (14)

ads

where Kags / M1 is the equilibrium constant of adsorption.

Straight lines were obtained by plotting Crmee/ @versus Crmep With correlation coefficient (R?) close
to 1.0 as shown in Figure 11. The value of Kags computed from the intercept reveals that a monolayer
of TMPP molecules is formed on the C12510 surface with no side interactions between the adsorbed

particles.
The standard free energy of adsorption (AG®.4s) was estimated from Equation (15) [35]:
AG®,4s = -RT In (55.5Kads) (15)

where 55.5 is the molarity of water. The calculated values of AG°ags at all tested hours are negative,
revealing that the TMPP molecules adsorb on the C12510 surface spontaneously, Table 5.
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Figure 11. Langmuir adsorption isotherm for (A) m-TMPP and (B) p-TMPP on C12510 alloy in 1.0 M H,SO,
solution after different immersion times at 298 K

Also, it is known that the higher AG°.4s negative value, the more effective adsorption is. The
values of AG%4s ranged from -31.86 to -36.63 k) mol™! and the high Kags seen in the Langmuir model
demonstrate that TMPP inhibitors are adsorbed on copper surfaces through a combination of
physical and chemical adsorption process. The negative values of AG°.q4s, after immersion for 2 hours
through 24 hours for p-TMPP, range from -31.93 to -36.63 k)] mol™* and are somewhat larger than
those for m-TMPP ranging from -31.86 to -36.38 kl mol?, which is expected from weight loss
measurements above. p-TMPP may show flatness and better spreading on the copper surface,
which is reflected in the higher adsorption efficiency.

https://doi.org/10.5599/jese.2544 15



https://doi.org/10.5599/jese.2544

J. Electrochem. Sci. Eng. 15(2) (2025) 2544 Porphyrin as effective corrosion inhibitors for copper alloy in H2SOa4

Table 5. The equilibrium constant and adsorption standard free energy of various concentrations of TMIPP on
C12510 alloy in 1.0 M H,S0, solution at room temperature

Inhibitor Time, h R? Kads / mM? AGags / k) mol?
2 0.9654 6.91 -31.86
4 0.9741 10.389 -32.87
6 0.9845 13.088 -33.44

m-TMPP 8 0.9910 19.203 -34.39
10 0.9930 22.820 -34.82
20 0.9966 37.109 -36.03
24 0.9973 42.756 -36.38
2 0.9477 7.103 -31.93
4 0.9893 15.552 -33.87
6 0.9890 18.723 -34.33

p-TMPP 8 0.9925 24.308 -34.98
10 0.9937 27.252 -35.26
20 0.9966 40.161 -36.22
24 0.9974 47.287 -36.63

Inhibition mechanism

The inhibition of corrosion performance of the C12510 sample in blank 1.0 M H,SO4 by the TMPP
molecules using WL, PP, PAP, and EIS methods was found to depend on the concentration, kind and
the position of the substitutes group in the molecule. The adsorption characteristics can be used to
understand the nature of the inhibitor interaction on the metal surface during corrosion inhibition.
The findings demonstrate that adsorption of the inhibitor at the solution interface inhibits corrosion.
Some factors that influence the inhibitory efficacy of additive compounds are the amount of
adsorption active sites and their charge density, the size of the molecule, the adsorption process,
and the creation of metallic complexes.

The interaction between the TMPP molecule and C12510 surface ions may cause the stable complex
to develop by forming four coordination bonds between the copper ion and the electron lone pairs of
nitrogen atoms. The proposed structures of the complexes are presented in Figure 12. The results
obtained from many methodologies in this study verify that p-TMPP has a somewhat higher inhibition
efficiency order than m-TMPP. The molecular structure of the two TMPP compounds contains four
methoxy groups (—OCHs), contributing to their strong inhibitory efficacy. The methoxy group exhibits a
negative inductive effect (-I) and a positive mesomeric impact (+M). The methoxy group's Hammett
constant [36] is equivalent to o= -0.27, which intensifies the molecule's delocalized 1 electrons. This
group raises the molecule's electron charge density, increasing the inhibition efficiency.

H4C.

(0]

O. N

CHs CH,

Figure 12. The proposed structures of the complex formed between copper ion and TMPP molecule

16 [Cher |



M. Abdallah et al. J. Electrochem. Sci. Eng. 15(2) (2025) 2544

According to earlier findings on inhibition efficiency obtained from various methods, p-TMPP has
a higher inhibition efficiency order than m-TMPP. The p-substituted group's inductive and
mesomeric actions work in harmony to raise the degree of surface coverage and, as a result, the
inhibitory efficiency. The efficacy of inhibition in the case of m-substituted groups depends on the
resonance and inductive effects (+R, -I), which alter the electron density and activate the aromatic
ring.

Density functional theory study

Theoretical calculations were conducted to complement experimental findings and provide insight
at the molecular level. Among the available quantum chemical techniques for analysing corrosion
inhibitors, density functional theory (DFT) has proven highly effective in identifying changes in the
electronic structure that contribute to the inhibition mechanism. Recent advancements in DFT have
enhanced its ability to accurately predict molecular properties and describe atomic interactions within
molecules. Over the past decade, DFT has gained widespread popularity due to its precision and
efficient use of computational resources, making it an invaluable tool for corrosion studies [37]. Figure
13 shows the optimized geometries of m-methoxy tetraphenyl porphyrin (m-TMPP) and p-methoxy
tetraphenyl porphyrin (p-TMPP). The difference in the position of the methoxy group between the
meta and para configurations results in slightly altered molecular geometries. The geometry
optimization indicates that both structures retain the planar nature typical of porphyrins, but the
subtle differences in bond angles and orientations of the phenyl groups are likely to influence the
electronic properties of each molecule.

m-methoxy tetraphenyl porphyrin (m-TMPP) p-methoxy tetraphenyl porphyrin (p-TMPP)

Figure 13. Optimized geometries of m-TMPP and p-TMPP molecules

In Figure 14, the LUMO (lowest unoccupied molecular orbital) and HOMO (highest occupied
molecular orbital) maps, as well as the ESP (electrostatic potential) maps, are presented for m-TMPP
and p-TMPP. The frontier orbitals play a significant role in determining the reactivity and interaction
with surfaces or molecules. The HOMO for both m-TMPP and p-TMPP appears localized on the
porphyrin ring, indicating that this area is responsible for electron donation. The LUMO, on the other
hand, is slightly more delocalized, allowing for electron acceptance over a broader region. The ESP
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maps show regions of electron-rich and electron-deficient areas, which are crucial for understanding
intermolecular interactions. The different methoxy positions (meta vs. para) shift the electron density
slightly, which may explain the differences in chemical reactivity.

LUMO HOMO ESP

J J‘:‘/

m-TMPP

Figure 14. Frontier orbitals and ESP maps of m-TMPP and p-TMPP

The dipole moment vectors indicate the magnitude and direction of the molecular dipole. As
shown in Figure 15, for m-TMPP, the dipole moment is relatively small at 0.79 debye, indicating that
the electron distribution is relatively symmetrical. In contrast, p-TMPP shows a much larger dipole
moment of 3.51 debye, suggesting a greater asymmetry in the charge distribution due to the para-
substitution of the methoxy group. This difference in dipole moments is significant, as a larger dipole
moment can influence the interaction with polar environments and surfaces. p-TMPP has a larger dipole
moment than m-TMPP, as indicated by both experimental results and DFT calculations.

m-TMPP p-TMPP
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The larger dipole moment in p-TMPP increases its polarity, resulting in stronger electrostatic
interactions between the inhibitor and the charged copper surface in acidic HSOs media. p-TMPP
effectively reduces the rate of copper corrosion by creating a thicker and more protective adsorption
layer as a result of the enhanced attraction. The quantum parameters for both m-TMPP and p-TMPP,
as presented in Table 6, are essential for understanding their electronic properties. The energies of
the frontier orbitals (Enomo and Erumo) provide key insights into the interaction between molecules
and a copper surface. A higher Enomo indicates a greater ability for a molecule to donate electrons,
which enhances its interaction with metal surfaces. In contrast, E.umo reflects the molecule's
tendency to accept electrons; the lower the ELumo, the stronger its electron-accepting capability.

For m-TMPP and p-TMPP, the LUMO energy levels are -5.20 and -5.00 eV, respectively, while the
HOMO levels are -2.58 eV for m-TMPP and -2.53 eV for p-TMPP as summarized in Table 6. These
values indicate a subtle difference in electronic structure. The HOMO-LUMO gap is crucial in
determining how well a molecule can interact with a metal surface. A smaller gap generally means
a molecule can easily donate or accept electrons, facilitating stronger adsorption onto the metal.
This process is key in forming a protective layer that prevents metal corrosion, especially in
aggressive environments like acidic media (H,SO,). In this case, the slightly smaller band gap of p-
TMPP as shown in Table 6, suggests a stronger affinity for the metal surface, thereby providing a
better barrier against corrosive species compared to m-TMPP. In an aqueous phase, the protonation
of p-TMPP and m-TMPP occurs on the nitrogen atom of the pyrrole unit, which carries the most
negative charge. As seen in Figure 16, protonation decreases the energies of both frontier orbitals
due to the increased electron-withdrawing nature of the positively charged pyrrole unit. However,
the trend of p-TMPP having slightly higher HOMO and LUMO levels than m-TMPP remains
consistent. Upon protonation, p-TMPP retains the smaller gap. The smaller band gap of p-TMPP in
both protonated and non-protonated forms suggests a greater ease of electron transfer, which is
critical for the formation of a robust protective barrier on the metal. This property makes p-TMPP
more effective in environments such as acidic media.

The hardness and softness values of m-TMPP and p-TMPP are important indicators of their
reactivity and inhibition efficiency in copper corrosion in H,SO4 media. Hardness () is inversely
related to a molecule's reactivity. A higher hardness value indicates that the molecule is more stable
and less reactive, meaning it resists changes in its electronic configuration. Softness (o), being the
reciprocal of hardness, indicates how easily a molecule can donate or accept electrons.

Table 6. Quantum parameters of m-TMPP and p-TMPP inhibitors

Compound LUMO, eV HOMO, eV AE/eV Dipole moment,D y/eV o/eV! Number of electrons transferred
m-TMPP -5.20 -2.58 2.62 0.79 1.31 0.763 3.37
p-TMPP -5.00 -2.53 2.47 3.51 1.235 0.810 3.52

A higher softness value suggests higher reactivity and a stronger ability to interact with external
species, such as metal surfaces. As seen in Table 6, p-TMPP is softer and, therefore, more reactive,
making it a better electron donor or acceptor. This enables it to interact more strongly with the
copper surface, leading to better adsorption and a more effective inhibition layer. The higher
reactivity of p-TMPP also allows it to respond more efficiently to changes in the local environment,
improving its ability to prevent the penetration of aggressive ions. m-TMPP, being harder and less
reactive, would be less effective in forming strong interactions with the copper surface. While it can
still act as a corrosion inhibitor, its lower softness means that it would not adsorb as strongly as p-
TMPP and its ability to block corrosive species will be diminished.
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Figure 16. Frontier orbitals of m-TMPP and p-TMPP in unprotonated and protonated forms

The number of electrons transferred (AN) between the Cu surface and the inhibitor molecules m-
TMPP and p-TMPP is a crucial indicator of how these molecules interact with the metal surface.
According to Equation (7), the AN values represent the extent to which electrons are donated from
the inhibitor molecules to the unoccupied 3d-orbitals of Cu, demonstrating their electron-donating
capacity. As mentioned, positive AN values indicate that the inhibitors act as electron donors (or Lewis
bases) [38]. Both m-TMPP and p-TMPP show positive AN values, which means they can donate elec-
trons to the copper surface. This electron donation enhances the adsorption of the inhibitors on the
copper surface, contributing to their ability to form a protective layer that inhibits corrosion. From
Table 6, the AN values for m-TMPP and p-TMPP are 3.37 and 3.52 e, respectively. These values are
less than 3.6 e, indicating moderate electron donation, but enough to create a strong interaction with
the copper surface. The fact that p-TMPP has a slightly higher AN value than m-TMPP suggests that p-
TMPP can transfer more electrons to the copper surface, making it a slightly more effective corrosion
inhibitor.

Monte Carlo simulation

The adsorption of m-TMPP and p-TMPP on the Cu (111) surface was conducted to explore the
interaction between the inhibitors and the copper surface. Figure 17 demonstrates the adsorption
geometry of both molecules.

From the figure, it is evident that during the adsorption process, the inhibitors gradually approach
the Cu (111) surface in a tilted orientation in the aqueous phase, with the phenyl methoxy groups
pointing towards the copper surface. In the gas phase, both inhibitors adopt a parallel configuration,
where the entire molecular plane aligns with the Cu (111) surface.

This specific orientation allows for increased surface coverage, as the phenyl methoxy groups
enhance the adsorption of the molecules to the copper surface. The tilted configuration leads to a
greater surface coverage compared to other orientations, which improves the overall inhibition
efficiency (n). These findings align with previous discussions in this research, which suggest that
better surface coverage leads to more effective corrosion protection. This interaction is also
guantitatively illustrated in Table 7. The most stable configurations observed in the system are those
associated with the lowest adsorption energies, indicating the most favourable adsorption
interactions. The adsorption energy of p-TMPP is calculated to be -1120.73 kJ mol?, while m-TMPP
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shows a slightly less negative adsorption energy of -1108.3 k) mol™. These values indicate that both
inhibitors have strong interactions with the surface, but p-TMPP demonstrates a stronger inhibitory
efficiency due to its more negative adsorption energy.

m-TMPP A

p-TMPP C

Figure 17. Adsorption view of m-TMPP (A and B) and p-TMPP (C and D) on Cu (111) surface in
aqueous (A and C) and gas (B and D) media

Table 7. Adsorption energy for m-TMPP and p-TMPP inhibitors on Cu (111) surface

Phase System Adsorption energy, k) mol?
Aqueous m-TMPP + Cu (111) -1108.3
p-TMPP + Cu (111) -1120.73
Gas m-TMPP + Cu (111) -406.308
p-TMPP + Cu (111) -520.866
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This observation supports the results previously discussed, confirming the enhanced ability of p-
TMPP to adsorb onto and protect the surface, likely due to better surface coverage and stronger
interaction with the Cu (111) surface. The higher magnitude of adsorption energies in the aqueous
phase indicates stronger adsorption interactions compared to the gas phase. The solvation effects
in water enhance the stabilization of the inhibitor-metal complex. Among the two, p-TMPP exhibits
slightly stronger adsorption than m-TMPP, suggesting better inhibitor performance.

Comparison with previous studies

Table 8 compares the inhibition efficiency (n) due to m-TMPP and p-TMPP compounds with some
other inhibitors used as corrosion inhibitors for copper and copper alloys in H.SO4 solution. All these
inhibitors had a high percentage of inhibition efficiency due to their strong adsorption onto the
copper surface.

Table 8. Comparison of the inhibition efficacy of m-TMPP and p-TMPP on copper alloy surface from the
present work with some previous literature studies

Inhibitor Substrate Corrqswe Optimal |nh|p|tor nl% Ref.
medium concentration
. . 98 for tyrosine, 91 for
Glycine, tyrosine, O»-saturated . ’
“valine Cu 0.50 M H>S04 50 mM egC|.ne and 75 for [39]
alanine and valine
Cauliflower extract Cu 0.5 M H2S04 400 ppm 99.0 [40]
Montelukast sodium Cu 0.5 M HaS04 50 ppm 99.0 [41]
Losartan potassium Cu 0.5 M H2S04 40 ppm 94.9 [42]
Capsicum annuum L.
leaf extract Cu 0.5 M H2S04 500 ppm 93.9 [43]
m-TMPP 96.23 Current
0-TMPP C12510 alloy 1.0 M H2S04 1mM 97 61 work
Conclusions

Two porphyrin molecules (m-TMPP and p-TMPP) provided efficient corrosion inhibition against
copper alloy (C12510) in 1.0 M H.SO4 solution. Every technique (weight loss, potentiodynamic
polarization, potentiodynamic anodic polarization, electrochemical impedance spectroscopy and
Monte Carlo simulation) employed in the study confirmed the inhibitory potency of TMPP
molecules. The inhibitory effectiveness of two TMPP molecules rose as their concentration
increased and dropped with increasing temperature. The inhibitory mechanism was attributed to
the spontaneous physicochemical adsorption of TMPP molecules onto the C12510 surface, as
evidenced by the moderately high negative AGaqgs values. According to the polarization data, these
compounds exhibit mixed (cathodic and anodic) inhibitory action without affecting the corrosion
mechanism. The adsorption of both inhibitor molecules matched Langmuir's isotherm properties.
EIS approach demonstrated the charge transfer mechanism that governs metal dissolution
(corrosion) reaction and the presence of the corrosion product layer on the copper alloy surface. In
corrosive H,SO4 + NaCl solution, the TMPP molecules slowed the pitting corrosion, by shifting the
pitting potential to a more noble direction. The inhibitory efficacy of p-TMPP is higher than m-TMPP
at all concentrations tested. Also, this study highlights the utility of DFT and Monte Carlo simulations
in evaluating the corrosion inhibition efficiency of organic inhibitors like m-TMPP and p-TMPP on
copper surfaces. The results demonstrated that p-TMPP, with its higher dipole moment, lower
HOMO-LUMO gap, and greater electron-donating ability, exhibits superior adsorption and
interaction with the Cu (111) surface. This is further supported by the adsorption energies obtained
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from Monte Carlo simulations, where p-TMPP shows stronger interaction with the copper surface
compared to m-TMPP.
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