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Gravimetric and electrochemical statistical
optimizations for improving copper corrosion

resistance in hydrochloric acid using
thiosemicarbazone-linked 3-acetylpyridinet
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Thiosemicarbazone-linked 3-acetylpyridine (T3AP), was synthesized and tested on copper strips in

hydrochloric acid. Gravimetric measurements and electrochemical impedance spectroscopy were used
to investigate the optimized inhibitory behavior of T3AP using the response surface methodology (RSM),

with the optimized result obtained using a temperature of 42.90 °C, acid concentration of 2.38 M,
inhibitor concentration of 3.80 mM, and time of 18.97 h, with inhibition efficiency up to approximately
93%. Validation of the experimental and predicted RSM showed that no significant difference in the
inhibition efficiency with the confidence level value up to 97% was obtained. The isotherm study shows
that T3AP obeys the Langmuir isotherm adsorption model, with physisorption and chemisorption

adsorption mechanisms. The effectiveness of inhibitor performance of T3AP can be visually observed

using scanning electron microscopy and X-ray photoelectron spectroscopy. The characterization
revealed that the reactive S and N atoms in the T3AP inhibitor form strong chemical adsorption through
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N-Cu and Cu-S bonds on the copper surface. Computational analysis was also carried out, and we

found that the stable energy gap between the occupied and unoccupied molecular orbitals (4.6891 eV)

DOI: 10.1039/d2ra05192¢

rsc.li/rsc-advances with the experimental findings.

1. Introduction

A variety of chemical processes rely on mineral acid solutions,
such as hydrochloric and sulfuric acids, to remove scale and dirt
from metal piping and other components.”” However, these
acids aggressively attack metal surfaces, like copper, if there is
no protective layer on the surface to prevent the metal from
being harmed. Copper metals are particularly vulnerable to
corrosion in acidic environments; hence, inhibitors are a crit-
ical component of corrosion prevention strategies.**
Researchers have studied numerous corrosion inhibitors to
reduce the gap between the theoretical corrosion tests and
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and high binding energy (540.962 kJ mol™) adsorption from molecular dynamics were in agreement

actual application in industry. While corrosion inhibitors are
still being developed, more research is needed to fully under-
stand the mechanisms of effective inhibitor action. The
remarkable adsorptive inhibitory activity of Schiff base
compounds, owing to the presence of conjugated imine (C=N)
groups in the compounds, makes them attractive materials for
inhibiting metal corrosion under acidic conditions.® Schiff
bases are used as corrosion inhibitors in commercial applica-
tions and they are preferred over other organic compounds
because of their availability, cost-efficiency, simple synthesis,
high purity, low toxicity, and environmental friendliness.*” The
organic compounds, particularly Schiff bases, that contain 3-
acetylpyridine and thiosemicarbazone®*® can be effective
corrosion inhibitors based on their ability to suppress hydro-
chloric acid solution corrosion. Hence, investigating new
inhibitor platforms specifically for copper metal is a good start
for this corrosion science study. On the other hand, having
efficient inhibitors is not sufficient if their efficiencies are
affected by the surrounding conditions, thus studying and
optimizing the conditions is important to understand and
ensure the maximum efficiency of the inhibitors.

Traditional ways of studying optimization processes, such as
one variable at a time, are no longer valid due to their demand
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on time and resources. Therefore, in this study, an experimental
design with response surface methodology (RSM) was used to
examine the inhibition efficiency of copper in an acidic medium
using thiosemicarbazone-linked 3-acetylpyridine (T3AP).
Analyzing the effects of variables on their own and in combi-
nation with one another is a valuable part of experimental
design with RSM."™*> Most reports in the literature have only
used conventional methods to consider how inhibitors can
mitigate corrosion. The optimization of corrosion inhibitors
using RSM in the literature is minimal and less comprehensive.
As a result, it is still necessary to identify the conditions within
which an inhibitor will work optimally and provide the best
response possible. To address this problem, RSM is can be used
as a multi-objective analytical optimization method, along with
the most comprehensive collection of mathematical and
statistical methods. The primary advantage of RSM is that it
reduces the number of experimental runs required to determine
the optimum state.*>**

In the present study, T3AP has been synthesized to act as
a corrosion inhibitor. The RSM method has been used to opti-
mize the four parameters selected using central composite
design (CCD), namely the temperature, acid concentration,
inhibitor concentration, and immersion time, with two outputs,
which were weight loss and impedance inhibition efficiency.
Once the optimized conditions were obtained, the mechanism
of the adsorption was characterized using an isotherm and
transition state study. The surface analysis was conducted by
scanning electron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS) to visualize the morphology and binding
interactions of the copper with T3AP. Furthermore, a computa-
tional study using density functional theory (DFT) quantum
chemical calculations and Molecular Dynamic (MD) were
carried out to determine the relationships between the elec-
tronic properties, the active sites and binding interaction of the
T3AP inhibitor that function in inhibiting the copper from
corrosion effect.

2. Materials and methods

2.1 Synthesis and characterization of the 3-acetylpyridine
thiosemicarbazone

Equal amounts of 5 mmol of thiosemicarbazide [99%, Aldrich]
(0.46 g) and a ketone 3-acetylpyridine [98%, Acros Organics]
(0.61 g) were dissolved in 40 ml and 10 ml ethanol 97% solution
[HmbG], respectively, using a condensation method. The solu-
tion containing the ketone was added dropwise into the thio-
semicarbazide solution with slow heating and constant stirring.
Then, five drops of sulfuric acid [95-97%, QReC] were added
dropwise. The resultant solution was refluxed for 3 hours. The
solution was allowed to cool at room temperature for the
precipitate to form. Subsequently, the precipitate of T3AP was
washed and filtered with cold ethanol and further dried in
a desiccator. The yield of the reaction was weighed and kept
under vacuum to avoid any moisture from the air. Then, the
T3AP was characterized by spectroscopic analysis, elemental
analysis of carbon, hydrogen, and sulfur, Fourier transform
infrared spectroscopy (FTIR PerkinElmer, USA), and nuclear
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magnetic resonance [Bruker, USA] ("H NMR, *C NMR 400 MHz,
DMSO-dg). Fig. S11 depicts the general synthesis reaction for
the T3AP inhibitor.

Yield: 78%; melting point: 195.3-197.4 °C; "H-NMR (Fig. S2)
(DMSO-dg, 500 MHz, 6/ppm): 10.36 (s, 1H), 9.21 (s, 1H), 8.57 (d,
2H, ] =1.77 Hz), 8.36 (d, 2H, ] = 1.6 Hz), 7.42 (t, 1H, ] = 1.55 Hz),
8.11 (s, 1H), 8.34 (s, 1H), 2.34 (s, 3H). "*C-NMR (Fig. S37)
(DMSO-dg, 100 MHz 6/ppm) 6 179.52, 150.19, 148.24, 146.10,
133.67,123.72, 14.25; CHNS elemental; 47.05, 5.57, 26.48, 16.22;
FTIR (KBr, cm™'): 3385 (N-H), 3242 (N-H), 3166 (N-H), 1607
(C=N), 1022, 856 (C=S).

2.2 Response surface methodology (RSM)

For this study, CCD was used to determine the optimal factors
in inhibiting the copper metal with T3AP. RSM software (Design
Expert 11) was used to model and analyze problems where
responses are influenced by several variables. The ranges in this
study were selected by the screening experiments to ensure the
main parameters that can provide the optimization of corrosion
inhibitors.

For the optimization of T3AP on a copper strip, the inde-
pendent variables were selected as A: temperature (X,), B: acid
concentration (Xp,), C: inhibitor concentration, (X.), and D:
immersion time (X4). The responses (dependent variables) were
the inhibition efficiency (%) of the gravimetric analysis (¥;) and
the impedance response (Y,). The equation for the quadratic
models is given as:

Y=Xo+ XoA + XpoB+ X;C+ XgD + XpoAB + X AC + XpgAD +
XueBC + XpaBD + XoqCD + X,0A% + XpuB? + X C? + XgqaD*(1)

CCD was performed with 30 experimental runs and six
replications at the central points. Table 1 shows the set of 30
experiments based on CCD with their results. The determina-
tion set of experimental runs in this study was based on the
CCD (30 = 2% + 2k + cp, where k is the number of independent
variables and cp is the number of central points) with six
replicated central points as proposed by the software. Addi-
tionally, the run order for these experiments was randomized to
avoid systematic errors.

2.3 Materials and solution

Copper strip samples (99% purity) with dimensions of 2 x 2 x
0.08 cm were used in the experiments. Dilution with distilled
water of 37% HCI [R&M] was used to create various concentra-
tions of HCI acidic solution based on the selected parameters.
Following that, different concentrations of 1, 3, and 5 mM of
inhibitors were dissolved in 10 mL of ethanol to dissolve any
leftover solid organic compounds that had formed. Then, the
100 mL test tube was used to immerse the copper strips in HCI
solution with or without the addition of the inhibitors. The
temperature and time for the immersion were controlled based
on the parameter selected from the RSM.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The design layout based on the Design Expert for the experiment of T3AP

Factor 1 Factor 2 Factor 3 Factor 4 Response 1 Response 2
Temperature

Run (°C) Acid (M) Inhibitor (mM) Time (h) WL IE% EIS IE%

1 40 5 5 6 46.83 = 1.37 67.97 £ 0.47
2 60 1 3 15 59.24 + 0.19 73.31 £ 0.09
3 40 1 5 6 55.04 = 1.34 77.76 £ 0.15
4 40 5 1 24 29.30 + 0.93 60.37 &+ 1.00
5 60 3 3 24 74.28 £ 0.19 84.01 £ 0.77
6 80 3 3 15 72.35 £ 0.29 76.20 &+ 0.25
7 60 3 3 15 79.36 = 0.47 86.66 & 0.06
8 40 5 1 6 31.75 £ 1.37 56.04 & 0.62
9 60 3 3 15 78.53 & 0.64 87.08 &+ 0.37
10 60 3 5 15 70.10 &+ 0.13 80.13 £ 0.32
11 40 1 1 24 51.35 £ 0.30 54.38 £ 0.22
12 80 1 1 24 31.63 & 0.13 59.14 £+ 0.20
13 40 1 1 6 58.14 4 2.33 48.58 = 0.16
14 60 3 3 6 68.45 + 1.03 74.37 £ 0.41
15 60 3 3 15 79.77 £ 0.71 86.17 & 0.23
16 80 1 5 24 27.55 + 0.26 53.37 &£ 0.21
17 60 3 3 15 79.36 = 0.78 85.74 £ 0.44
18 80 1 1 6 45.51 &+ 0.60 40.69 + 1.16
19 60 5 3 15 54.52 £ 0.75 75.41 £ 0.33
20 80 1 5 6 19.16 + 0.60 35.87 £ 0.16
21 60 3 3 15 77.92 £ 0.47 87.49 £ 0.12
22 80 5 5 6 26.05 & 0.66 33.08 = 0.36
23 80 5 5 24 44.03 = 0.36 45.29 +1.21
24 80 5 1 6 35.25 + 0.66 54.26 + 0.21
25 40 1 5 24 78.11 £ 0.12 79.89 £ 0.03
26 60 3 3 15 78.33 & 0.62 86.76 & 0.25
27 40 3 3 15 93.65 + 0.39 92.19 + 0.18
28 60 3 1 15 61.30 & 0.62 76.48 & 0.13
29 40 5 5 24 73.54 £ 0.45 68.03 £ 0.26
30 80 5 1 24 29.61 £ 0.19 69.58 & 0.21
2.4 Gravimetric analysis (first response for RSM) IE% = =" 100% 3)

o

The gravimetric analysis experiment was conducted to analyze
the first response toward inhibition efficiency by T3AP on
copper strips. A preliminary experiment was conducted to
determine the RSM's recommended ranges for each factor. The
copper strips were immersed in HCI solutions with different
concentrations using solution volumes of 15 ml. The immer-
sion time was recorded at three separate times based on the
RSM range parameter selected, which were 6, 15, and 24 hours,
respectively.

The weight of the copper strip was measured before and after
immersion. The average decrease in weight was calculated
when the experiments were conducted in triplicate simulta-
neously on each run. Using the CCD shown in Table 1, the
temperatures, acid concentration, inhibitor concentrations,
and time of the 30 sample runs were measured and recorded.
Using eqn (2), the corrosion rate (r) was determined:*®

Aw
r=—- 2
where Aw is the weight loss of the copper strip, ¢ is the
immersion period, and s is the entire surface area of the copper
strip. This was followed by a calculation of inhibition efficiency
(percentage) using eqn (3) below:"*

© 2022 The Author(s). Published by the Royal Society of Chemistry

where ry and r are the corrosion rates of copper strips without
and with the inhibitor, respectively.

2.5 Electrochemical impedance spectroscopy (second
response for RSM)

After gravimetric analysis, the sample was then used for the
second response RSM of electrochemical impedance spectros-
copy (EIS) inhibition efficiency. The same copper strip samples
(99% purity) with dimensions of 2 x 2 x 0.08 cm square shape
were used in the EIS experiments. All sample runs were carried
out with the help of a three-electrode electrochemical cell,
which was connected to an Auto-lab PGSTAT-302N potentiostat/
galvanostat (AUTOLAB, USA). A copper strip was set as
a working electrode, platinum rods as counter electrodes, and
silver/silver chloride (Ag/AgCl) as a reference electrode. EIS
analysis was performed in a potentiostatic condition with
a 10 mV AC signal amplitude and a frequency limit of 0.01 Hz to
100 kHz at open circuit potential (OCP). Triplicate readings
were recorded for every run of the experiment. The optimized
EIS response was fitted using the Zview software version 3.4e.
The Tafel plot curve for potentiodynamic polarization

RSC Adv, 2022, 12, 27793-27808 | 27795
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measurements was performed after the EIS optimization with
same optimized condition where the potential was swept at
a rate of 1 mV s~ at OCP, primarily from —500 to —100 mV.

2.6 Scanning electron microscopy (SEM)

The surface morphologies of the copper strips were examined
by SEM (EVO 50, USA) before and after being treated with T3AP
immersed in HCI at the optimal conditions. The SEM images
were generated with a scanning electron microscope at high
vacuum using an electron high tension voltage of 10.0 kv and
magnifications of 100 and 500x.

2.7 X-ray photoelectron spectroscopy (XPS)

After being immersed in HCI with and without the T3AP
inhibitor at the optimal conditions, the copper strip samples
were inserted into the XPS instrument to study the surface
chemical characterization properties. The XPS experiments
were conducted using the Kratos Axis ULTRA, UK spectrometer
with a monochromatized Al K, radiation source of 1486.6 eV
and an X-ray beam diameter of around 100 um. All the testing
was carried out under ultrahigh vacuum, with a chamber base
pressure greater than 1 x 10~ ° torr. The XPS spectrum included
both a wide and a narrow scan, depending on the type of
analysis being performed. A narrow scan was performed in this
study for characterizing the element of interest which were Cu
2p, Cl 2p, C 1s, N 1s, and S 2p. The XPS data spectra were first
transformed into the standard VAMAS format and then
deconvoluted using the commercial fitting program, CasaXPS.

2.8 DFT simulations

The B3LYP/DFT hybrid functional approach was used to opti-
mize the ground states of the investigated compounds.'® A
triple- Pople-type basis set 6-311+G (d,p) was utilized, in which
polarized and diffuse functions are included. Moreover, several
electronic properties, such as the ionization potential (1), elec-
tronic affinity (A), energy gap, electronegativity (x), global
hardness (n), chemical softness (S), and highest occupied and
lowest unoccupied molecular orbitals (HOMO and LUMO,
respectively), were determined to describe the interactions of
the copper metal with T3AP. Koopman's theorem was used to
determine the electronic parameters 4, I, x, and n, where I =

—Enomo and A = —Epymo. Thus, x, 7, and S were identified
using the following equations:'”*®

= @

n= % ()

=, ©)

In addition, Mulliken atomic charges were used to discover
which atoms were most likely to react with copper strips. The
Gaussian 09 program was used for all of the theoretical
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computations, including ground state geometry optimization
and frequency analysis."®

2.9 Molecular dynamics simulation

All of the molecular dynamics (MD) simulations were con-
ducted in Material Studio. With the use of the COMPASS
(Condensed Phase Optimized Molecular Potentials for Atom-
istic Simulation Studies) force field and a simulation box (25.55
by 22.55 by 34.86 A) with periodic boundary conditions, we
evaluated how the inhibitor T3AP interacts with the copper
surface. The adsorption process was stimulated by using the
most frequent and stable Cu (111) surface. Cu (111) has a low
Miller index. Prior to using the 6 A slab, the Cu crystal was
imported and cleaved on the (111) plane. The smart minimizer
generates a larger area for inhibitor interactions by lowering the
energy of the copper (111) surface and extending it to a supercell
of (10 x 10). A zero-thickness vacuum slab was then manufac-
tured. In the end, an amorphous cell was built with the best
possible configuration of T3AP inhibitors.

3. Results and discussion

The thiosemicarbazone-linked  3-acetylpyridine (T3AP)
compound was synthesized by reacting the thiosemicarbazide
and 3-acetylpyridine, as can be seen in Fig. S1.1 Fig. S2 and S37
provide the "H NMR and "*C NMR spectra used to elucidate the
chemical structure of T3AP. Based on Fig. S2,f the proton
located in the most downfield region, which showed as a singlet
signal at a frequency of 6 10.36 ppm, corresponded to the N(3)-
H found in the heterocyclic substituent. The proton signals for
carbon [C(8)-H] that adjacent to the nitrogen atom in the
pyridine ring can be observed at § 9.12 ppm. The proton in C(7)-
H, next to nitrogen in the pyridine ring, gives a double duplet
signal at 8.57 ppm due to a different environment from the
nitrogen and carbon C(6). The proton for amino [N(1)-H,] can
be observed at two different peaks at § 8.34 and 8.11 ppm.
Multiplet signals can be seen occurring in the region of
0 7.42 ppm. These signals correspond to the heterocyclic
substituent’s proton bound to carbons C(6). The three protons
bound to the carbon C(4) in the methyl group, known as an
electron-withdrawing group, occur at the most shielded region
in which the singlet signal emerged at a frequency of
6 2.34 ppm. In the "*C NMR spectrum, eight signals were
observed within the ¢ 180 to 10 ppm (Fig. S31). The signal that
was the most downfield emerged at 6 179.52 ppm, corre-
sponding to the carbon C(1) due to the electronegative atom
sulfur of the C=S bond. The chemical shift of carbon C(3)=N
can be assigned at 6 150.19 ppm. The carbon in the heterocyclic
ring of pyridine C(4), C(5), C(6), C(7), and C(8) can be observed
in the range of 6 148 to 123 ppm. The most shielded chemical
shift belonged to the methyl group’s C(2) atom, which appeared
at 6 14.25 ppm.

3.1 Statistical analysis and modelling using RSM

The study analysis was conducted using four independent
variables: temperature (A), acid concentration (B), inhibitor

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Quadratic model of T3AP WL IE

Source Sum of squares df Mean square F-value p-value T-value
Model 12 749.50 14 910.68 577.39 <0.0001 —

A 1933.80 1 1933.80 1226.07 <0.0001 —35.02
B 167.14 1 167.14 105.97 <0.0001 —10.29
Cc 246.20 1 246.20 156.10 <0.0001 12.49
D 157.35 1 157.35 99.77 <0.0001 9.99
AB 326.80 1 326.80 207.20 <0.0001 14.39
AC 731.57 1 731.57 463.83 <0.0001 —21.54
AD 70.94 1 70.94 44.98 <0.0001 —6.71
BC 317.82 1 317.82 201.50 <0.0001 14.20
BD 41.63 1 41.63 26.40 0.0001 5.14
CD 687.88 1 687.88 436.13 <0.0001 20.88
A? 59.36 1 59.36 37.63 <0.0001 6.13
B? 1179.18 1 1179.18 747.63 <0.0001 —27.34
c? 405.71 1 405.71 257.23 <0.0001 —16.04
D? 121.52 1 121.52 77.05 <0.0001 —8.78
Lack of fit 21.06 10 2.11 4.05 0.0680 —

concentration (C), and immersion time (D). Weight loss and EIS
inhibition efficiency are two responses that were selected as
outputs. It is shown in Table 1 the input and output results for
both responses. Eqn (7) and (8) describe the weight loss and
impedance IE regression equation derived from the analysis of
variance (ANOVA) results, respectively.

WL IE = 78.546 + —10.365 x A + —3.04722 x B+3.69833 x C +
295667 x D + 4.51938 x AB + —6.76187 x AC + —2.10562 x
AD + 4.45687 x BC + 1.61312 x BD + 6.55688 x CD + 4.7864 x
A%+ —21.3336 x B® + —12.5136 x C* + —6.8486 x D’ 7)

EIS IE = 86.5912 + —7.65167 x A +0.391111 x B+ 1215 x C +
4.74667 x D + 1.33375 x AB+ —8.14625 x AC +3.1975 x AD +
—4.37375 x BC+ —0.7475 x BD + —0.75 x CD + —2.33746 x A>
+ —12.1725 x B> + —8.22746 x C* + —7.34246 x D? (8)

3.1.1 Normal probability plots. It is possible to use the
normal probability plot to visualize the data and determine if it
has a normal distribution. In this sort of figure, data are plotted
against a theoretical normal distribution, and a straight-line
graph shows the agreement between the predicted and actual
data. If the values deviate from this line, it reflects deviations
from the normality of the data. Plots for both responses are
shown in Fig. S4,t revealing the normal probability plot for the
WL and EIS IE responses against residuals. Design Expert
software was used to create this graph. As seen in Fig. S4,t the
ANOVA projected value has a very high degree of accuracy since
the points are extremely close to the line, exhibiting low
dispersion.

3.2 ANOVA results

Table 2 shows the complete summary of the quadratic model
results for inhibitor efficiency with ANOVA regression analysis
regarding the weight loss efficiency. The significance of the RSM
model depends on the P-value obtained. The P-value is
considered to be significant when it is lower than 0.05." Each of

© 2022 The Author(s). Published by the Royal Society of Chemistry

the regression equations for the response inhibition efficiency
is significant for all factors. Table 3 shows that the WL IE's R>
adj value is 99.64%. Therefore, the model can accurately
anticipate the response output. The F-value (1226.07) and T
value (—35.02) indicate that the temperature shows the most
significant effect on corrosion efficiency.

Tables 3 and 4 show the results of an ANOVA regression
analysis of the RSM models for EIS inhibition efficiency, as well
as the conclusions of the RSM models for inhibitor efficiency.
The results of the ANOVA (Table 4), suggest that each expression
of the regression equations for the EIS IE response is statisti-
cally significant as the P-value of the model was <0.0001. The R*
adj for the EIS IE response was 99.83% which indicated that the
model can accurately predict the output. Table 3 indicates that
the WL and EIS IE R?® assessments are 99.81 and 99.91%,
respectively. Thus, the model predicts the response output with
great accuracy. Similar to the gravimetric results, the EIS study
also shows that temperature has the most significant effect on
corrosion efficiency based on the F-value (2207.11) and T-value
(—46.98) obtained.

3.3 Multi objective optimization using 3-D surface plot

The relationships among the four independent variables
(temperatures, acid concentration, inhibitor concentration, and

Table 3 Fit statistics of the model for T3AP

Response
Terms WL IE EIS IE
Standard deviation 1.26 0.6910
Mean 57.00 68.54
R’ 0.9981 0.9991
Adjusted R 0.9964 0.9983
Predicted R 0.9871 0.9955
Adequate precision 85.8217 120.8982
Coefficient of variation (CV) % 2.20 1.01

RSC Adv, 2022, 12, 27793-27808 | 27797
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Table 4 Quadratic model of T3AP EIS IE

Source Sum of squares df Mean square F-value p-value T-value
Model 8322.00 14 594.43 1244.91 <0.0001 —

A 1053.86 1 1053.86 2207.11 <0.0001 —46.98
B 2.75 1 2.75 5.77 0.0297 2.40
c 26.57 1 26.57 55.65 <0.0001 7.46
D 405.56 1 405.56 849.35 <0.0001 29.14
AB 28.46 1 28.46 59.61 <0.0001 7.72
AC 1061.78 1 1061.78 2223.69 <0.0001 —47.16
AD 163.58 1 163.58 342.59 <0.0001 18.51
BC 306.08 1 306.08 641.01 <0.0001 —25.32
BD 8.94 1 8.94 18.72 0.0006 —4.33
CD 9.00 1 9.00 18.85 0.0006 —4.34
A? 14.16 1 14.16 29.65 <0.0001 —5.44
B> 383.89 1 383.89 803.98 <0.0001 —28.35
c? 175.38 1 175.38 367.30 <0.0001 —19.17
D’ 139.68 1 139.68 292.53 <0.0001 —17.10
Lack of fit 5.20 10 0.5201 1.33 0.3980 —

time) were investigated further using a 3-D surface plot. The 3-D
plot can show the trends and relationships between two factors
and the optimized output results. The copper strip's inhibitory
efficiency properties in harsh conditions can be improved by
optimizing these four factors. The two output responses from
the experimental design are weight loss and EIS inhibition
efficiency.

3.3.1 Interaction effect of the independent variables on the
weight loss inhibition efficiency. Fig. 1 represents the influence
of four independent variables on the weight loss inhibition
efficiency. It can be observed from the 3D surface plot when the
temperature is increasing the efficiency is decreasing. High
temperature enhances the corrosion rate effect of the copper
metal. For acid concentration and inhibitor concentration, both
show the same trend of shape where it increased and decreased
after reaching the optimal conditions. Inhibitors should not be
used excessively because they can cause drawback effects by
inhibiting the corrosion since they will react with the acid
solutions. Meanwhile, for immersion time, the inhibition
increased as the time increased, since the calculation involving
the rate of corrosion efficiency where the longer the time, the
smaller the rate of the corrosion. It can be concluded from the
surface plots that the temperature was the best at a lower
temperature (40-45 °C). For acid and inhibitor concentrations
best range around 3.0 M and 3.0 mM, respectively. The
immersion time gives the best result at 15-19 h for the weight
loss experiments. However, if the time is prolonged further
above 24 h, the inhibitor would lose its adsorption on the
copper surface because the dissolution from corrosion still
proceeds.>

3.3.2 Interaction effect of the independent variables on the
impedance inhibition efficiency. The second response study of
impedance inhibition efficiency (EIS IE) 3D surface plot can be
seen in Fig. S5.1 It can be observed that the result of EIS IE gives
more significance in terms of their inhibition efficiency because
it is a study on the immediate reaction and electrochemical
study. However, the trend of the interaction is almost similar to
the weight loss response study. For the temperature factor, the

27798 | RSC Adv, 2022, 12, 27793-27808

inhibition seems to be decreased as the temperature increases.
Notably, when the temperature of the electrolyte medium is
raised, the adsorption tendency of the organic compounds
naturally decreases.>** This is because an increase in kinetic
energy due to high temperature has a deleterious effect on the
intermolecular attraction between the inhibitor and metal
surface.” This phenomenon can be illustrated in the schematic
diagram in Fig. 2. In addition, a higher temperature can cause
the catalyzation of the fragmentation or rearrangement of the
organic compounds particularly heterocycles.*»* The acid
concentration reached the optimal conditions at the middle of
the study range of 1-5 M, around 3 M. Acid concentration
played an important role in the electrochemical study because it
affected the number of ions in the solutions of the electro-
chemical system, where the higher the number of ions, the
higher the current needed. The aggressiveness of the HCI
solution will reduce the efficiency of the inhibitor's protection
on the metal surface as some previous study which used the
high HCI solution concentration.*** Furthermore, the concen-
tration of inhibitor gives the same trend as acid concentration
with a concave shape, where it reached the maximum efficiency
at 3.0 mM. Same with acid factor, inhibitors also give significant
results to EIS study since these inhibitors are the ones that
blocked the copper surface from the HCI ions attacked. The
effects of the time trend were found to be the best at around 15-
18 h result. From these interaction results, all the factors show
a significant effect on the inhibition efficiency for both
responses as in line with the ANOVA result obtained.

3.4 Method validation

The model of the RSM outcomes was validated using both
responses based on the optimum parameters suggested by the
RSM. The predicted values for weight loss and EIS inhibition
efficiency were obtained from the eqn (7) and (8), respectively.
The weight loss predicted value from RSM is 93.93%, and the
optimum response obtained from the average gravimetric result
was 91.22 + 0.58% as shown in Table 5. This indicated that the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 3D plots for evaluating weight loss inhibition efficiency response of T3AP.

predicted and experimental weight loss responses exhibit
97.03% agreement. For EIS inhibition efficiency response, the
predicted value is 92.41% and the experimental result for EIS
obtained is 94.34% (Table 6). Thus, the confidence level
between both results is 97.95%. It is best to conclude the
correlation between the predicted value from the RSM and

© 2022 The Author(s). Published by the Royal Society of Chemistry

experiments from both responses shows very close agreement
which means that the accuracy of the RSM model is accepted.
Then, the optimum parameters are applicable to identify the
best inhibition efficiency for gravimetric and impedance
experiments for copper metal with T3AP.

RSC Adv, 2022, 12, 27793-27808 | 27799
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Fig. 2 The schematic diagram of temperature effect on the desorption process of T3AP molecules.

Table 5 Validation of the optimal values of temperature, acid concentration, inhibitor concentration, and time for weight loss inhibition effi-

ciency T3AP

Predicted Confident

RSM Experimental data level
Weight loss inhibition efficiency (%) 93.93 91.22 £+ 0.58 97.03
Table 6 Validation of the impedance data for copper strip in the absence and presence of T3AP at optimum condition

Predicted Confident

Inhibitor R, (Q cm?) Ret (Q cm?) 1 (%) RSM level
Blank (untreated) 1.176 8.042 — — —
T3AP (treated) 1.130 142.200 94.34 £ 0.05 92.41 97.95

3.5 Electrochemical inhibition tests

3.5.1 Electrochemical impedance spectroscopy (EIS). EIS
tests were used to look for T3AP inhibition efficiency for the
second response. For the validation of the optimum result, the
copper strips were immersed in HCI solution at RSM's optimal
conditions, and the resulting Nyquist plots are shown in Fig. 4.
Copper immersed in the HCI solution without inhibitor had the
lowest impedance values. The copper strip's impedance module
values grew dramatically reaching a maximum value of inhibi-
tion efficiency as the concentration of 3.80 mM T3AP inhibitor
at the temperature, acid concentration, and time of 42.90 °C,
2.38 M, and 18.97 h, respectively.

Fig. 3 shows the equivalent circuit model that was used to fit
all EIS spectra to get a quantitative description of the corrosion
system.>***?” Based on the equivalent circuit (Fig. 3), Rs denotes
the solution resistance, CPE stands for constant phase element,
R stands for the charge transfer resistance related to the
corrosion reaction. T3AP inhibitors had a considerable impact
on the corrosion activity on the copper surface, based on the
varied R values obtained in the absence and presence of the
compounds. The R value of the copper strip immersed in HC]

27800 | RSC Adv, 2022, 12, 27793-27808

without T3AP obtained 8.042 cm?, which is quite low. In
contrast, it was shown that the R levels increased significantly
when T3AP inhibitors were used. Using the 3.80 mM T3AP

e

Rct
Rs
CPE
HCl solution Inhibitor interface Z

Fig. 3 Model of equivalent circuit of EIS for this study.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Nyquist diagrams of copper strips with and without T3AP at optimum condition.

solution, the R readings reached their highest value of 142.20
Q cm” (Fig. 4) at the optimum condition, which was almost 18
times greater than the untreated sample under the same
conditions. The inhibition efficiency calculated based on the R,
result matches the predicted RSM value by 94.34%. T3AP
molecules are effectively adsorbing onto the copper metal as the
R grows significantly, which means that less copper is exposed
to the HCI electrolyte, and this slows down the corrosion
process.>***

3.5.2 Polarization and linear polarization resistance
measurements. The optimal concentration used for this test
was 3.80 mM with optimal temperature and acid concentration

conditions. Fig. 5 depicts the typical polarization curves for the

v Blank
¢ Treated with T3AP

-2.0

2.5+

. 2:
Logi (A/ecm”)
Eob b
S G >
1 1 1 L
« 44::4

4.5
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Fig. 5 Polarization curves for copper strips in HCl at optimal condi-
tions with and without the addition of T3AP.

© 2022 The Author(s). Published by the Royal Society of Chemistry

copper in 2.38 M HCl with and without T3AP inhibitors. Table 7
lists all the important corrosion parameters obtained from the
polarization resistance measurements. It is clear from these
results that when an inhibitor is applied, current densities
decrease. This could imply that the T3AP molecules are
adsorbing to the copper surface. Copper corrosion rates in
inhibited solutions are significantly lower than in untreated
solutions. Both anodic and cathodic processes are affected by
the addition of 3.80 mM T3AP to the HCI, as shown in Fig. 5
polarization curves. This means that the cathodic hydrogen
reaction mechanism has been altered and the copper surface
has been blocked from the active sites.”>*® An increase in the
number of T3AP inhibitors adsorbing on the metal-solution
interface can be seen in the shift of the E.,, to the more
negative direction when T3AP is present. These findings indi-
cate that T3AP is a mixed-type inhibitor. The polarization
measurement results show that the inhibition efficiency ob-
tained was nearly the same as the EIS efficiency result of 94%.
The absolute corrosion rate can be determined using this
method in millimeters per year (mm per year). Thus, corrosion
rates obtained with T3AP inhibitors (3.5542 mm per year) were
far lower than uninhibited solutions (47.050 mm per year). It is
clear from these results that T3AP inhibitors have a significant
impact on copper dissolution. In terms of corrosion inhibition,
these results are in agreement with the gravimetric and EIS
measurements.

3.6 Adsorption isotherm

The result obtained from the optimized RSM result was then
matched with the adsorption isotherm study to determine the
type of adsorption of the T3AP and copper metal reaction.
Various adsorption isotherm was analyzed, and the result shows

RSC Adv, 2022, 12, 27793-27808 | 27801
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Table 7 Parameters of potentiodynamic polarization of copper strip in HCl with and without T3AP

CR (mm per
Inhibitor Ecorr (MV) Iorr (MA cm™?) b. (mv dec™™) b, (mv dec™) 7 (%) year)
Blank (untreated) —195.18 4.0491 184.17 141.51 — 47.050
T3AP (treated) —381.44 0.3059 432.65 117.05 92.45 3.5542

0.006

0.005

0.004

¢/

o J
0.003 +
y=1.0429x+0.0001

0.002 R’=0.9995

0.001

0.000 T T T
1.0 2.0

T
3.0 4.0 5.0

Inhibitor (mM)

Fig. 6 Langmuir graph of T3AP.

Langmuir isotherm fit the best result as shown in Fig. 6. The
data can be expressed using eqn (9):

C 1

7 Ka +C 9)
where 6 is inhibitor coverage surface area, Cj,, is T3AP
concentration and K,q is the equilibrium constant for adsorp-
tion. The slope obtained from the plotted graph of C/f vs. C is
1.0429, which is almost equal to 1, and R* is equal to 0.9956. The
purpose of finding K,q; is to calculate their adsorption standard
free energy (AGa.qs), which can be obtained from eqn (10):

1 —AG°
Klds = 76Xp< ads)

55.5 RT (10)

Table 8 Equilibrium constant and standard free energy of adsorption
of copper strips with T3AP

Inhibitor Kags MY AG,qs (K] mol™)

T3AP 1.00 x 10* —34.76

Table 9 Data for thermodynamic corrosion of copper strip in HCl
solution with absence and presence of T3AP

Inhibitor E, (k] mol™") AH, (k] mol™") AS, (k] mol ™' K1)
Blank 40.99 38.22 —195.92
T3AP 70.72 67.95 —-117.17

27802 | RSC Adv, 2022, 12, 27793-27808

The type of adsorption mechanism of metal-inhibitor can be
characterized based on the magnitude of AG,qs. If the AG,qs
value of —40 k] mol™' or more is negative, then the chemi-
sorption process is confirmed. However, if the AG,qs value is
between —20 k] mol " and —40 kJ mol *, then physio chemi-
sorption is confirmed.**"** From the result obtained, the AG,qs
for copper-3APT was —34.76 k] mol " (Table 8) which is between

(a) = Lnr’
e Lnr
_74 }.\\\_
e y=-4.931x + 7.0069
¢ I N R*=0.9956
-8+ g
- T
= -9 ) -
—
y=-8.5061x + 16.479
-10 R*= 0.9956
®
111
T T T T ’ T T L T T
2.80 2.85 290 295 3.00 3.05 3.10 3.15 3.20
/T (K" x107)
(b) = La(fT)
-12.5 7 e Ln(/T)
-13.0 1 i\\.\,
g y=-4.5971x +0.196
-1351 @ T R’=0.9948
-14.01 e 0
\.\\i
0145
) ¢
=-15.01
—
11554 y=-8.1722x +9.6681
160] R=09951 |
-16.5 1 ¢
'170 . T T T T T T T T
2.80 2.85 2.90 2.95 3.00 3.05 3.10 3.15 3.20

1/TEK' 'x107)

Fig. 7 (a) Arrhenius plots for copper strip in the absence and presence
of T3AP. (b) Transition state plots for copper strip in the absence and
presence of T3AP.
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—20 and —40 k] mol *, thus the reaction involves physisorption
and chemisorption mechanisms. Spontaneous adsorption and
stability of the adsorbent layer on the copper metal externality
can be inferred from the negative values of the AG,gs
parameter.®>3*

3.7 Activation thermodynamic parameters

The thermodynamic properties of the activation such as acti-
vation energy (E,), enthalpy (AH,), and entropy (AS,) were
determined via the following relationships.***¢

E,
log r =log B — (72.303RT) (11)
" — 10g KT (S, AH, 12)
7 =% N, T \2303R 2303RT

where B is the pre-exponential factor, N is Avogadro's number,
and £ is the Planck constant.

Table 9 lists the values of E, determined from the slope and
intercept of the graphs Inr vs. 1/T depicted in Fig. 7(a). A
comparison of the E, values in the presence and absence of
T3AP shows that the creation of an energy barrier makes metal
corrosion more difficult in the presence of the T3AP.*

EHT= 15004

WD=80mm  Vacuum b

View Article Online
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Meanwhile, the enthalpy (AH,) and entropy (AS,) of the reaction
system were calculated from the slope and intercept of In(r/7)
vs. 1/T in Fig. 7(b). Positive values of AH, (Table 9) are a strong
indicator that endothermic processes are involved in copper
dissolution.*” The fact that the AS, value (Table 9) was higher in
the treated solution with T3AP compared to the untreated
solution suggests that there was a greater degree of disorder in
the system.*®

3.8 Surface analysis

3.8.1 Scanning electron microscopy (SEM) analysis. The
result of SEM visualized the morphology surface of the copper
strip with two magnification when immersed in HCI solution at
the optimum conditions in presence and absence of T3AP were
obviously different. It can be seen in Fig. 8(a and b) that the
copper surface show relatively rough with deep holes and
cracks. This indicated copper strips excessively corroded
without the inhibitor due to the metal dissolution by HCI. In
comparison, the copper surface with the addition of the
inhibitor T3AP in Fig. 8(c and d) at the optimum conditions,
was smooth and not affected much compared with the blank.

3.8.2 X-ray photoelectron spectroscopy (XPS). The XPS
analysis of copper metal in the absence and presence of T3AP

Mag= 100X EHT = 15.00kY

1Probo = 100pA

Mag= 500X 1500KY  Signal A= SE1

IProbe = 100pA WO= 75mm  VacwmMose = Hgh Vacuum

Fig.8 The SEM result for untreated copper samples at 100 x magnification (a) and 500 x magnification (b), and treated (T3AP) copper samples at

100x magnification (c) and 500 x magnification (d).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The optimised T3AP molecular structure.

AE =4.6891 eV

HOMO

Fig. 10 The HOMO-LUMO of T3AP.

Table 10 Electronic and structural parameters for T3AP molecule
employing DFT approach

Parameters Value
Electron affinity (A) —1.6773 eV
Ionization potential (1) —6.3664 eV
Electronegativity (x) —4.0190 eV
Global hardness () 2.3446 eV
Chemical softness (5) 0.4265 eV~ "

was investigated for the surface chemical characterization
bonding of the adsorption between copper metal and the
inhibitor which was shown in Fig. S6 until S11.1 Since the
corrosion inhibitor got the maximum inhibitory efficiency from
the RSM optimization, the T3AP at its optimal concentration of
3.80 mM was chosen for XPS investigation. The elements of
interest (Cu 2p, Cl 2p, C 1s, N 1s, and S 2p) in samples with and

27804 | RSC Adv, 2022, 12, 27793-27808
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without inhibitor T3AP were obtained from narrow scans and
resolved using a procedure called spectrum deconvolution
fitting. Based on the results, the untreated sample revealed two
elements of interest, namely chlorine and copper. The first
element is represented by deconvoluted peaks of Cl 2p, as
shown in Fig. S6,T7 and the assignment peaks are presented in
Table S1.7 It was discovered that 198.91 and 200.56 eV denoted
for Cl 2p3/2 and Cl 2p1/2, respectively. These results originate
from the chlorine solution that coated the surface of the copper
metal. The peak on CI 2p3/2 was assigned to be the bonding of
H-CI which represent the solution used for the copper corro-
sion.*®*® The Cl 2p1/2 was observed for the bonding of CuCl,
(ref. 40) because chloride ions are electrostatically attracted to
the positively charged copper ions on the interface between the
metal and the solution's layer, creating the adsorption surface
complex Cu-Cl,. Thus, the HCI solution caused corrosion on
the surface of the copper strips study. Fig. S7 and S8t show the
two doublets Cu 2p3/2 and Cu 2p1/2 that are present in the Cu
2p narrow scan spectra for copper metal-solution interfaces
without and with T3AP protection. Only two peaks (Fig. S7t)
were obtained by the deconvolution of the high-resolution Cu
2p3/2 XPS spectra when the untreated sample was used, but
three peaks (Fig. S81) were produced when T3AP was used. The
peaks of Cu(i) can be seen in Fig. S8, and they are located at
932.53 and 932.20 eV. The Cu(1) may have reacted with oxygen
and chlorine ions in the solution to formed Cu,O and CuCl.
This indicated that the copper surface has oxidized to Cu(i).
This can be explained by the mechanism as illustrated below:

(13)

(14)

2Cu + H,0 — Cu,0 + 2H" + 2¢
Cu+ HCl —» CuCl+H" +e

The Cu,O can be observed due to the existence of an
adsorbed water film on the copper substrate which is most
likely the result of the physisorption of water vapor from the
surrounding air at the contact between the metal and the
solution.** However, the solution protected with T3AP inhibitor
produced peaks for Cu-S, Cu-N, and CuCl. The Cu-S and Cu-N
can be observed at binding energy at 932.02 and 933.23 eV,
respectively. This bond was possible to be observed since the
sulfur and nitrogen atoms present in the structure of the T3AP
inhibitor clarify the successful adsorption of the inhibitor with
the copper metal. These helped to improve the corrosion
resistance of copper in HCI solutions because they were formed
up of a firmly cohesive layer, which contributed to insulating
and conserving the copper strip from the reaction that triggered
corrosion. The CuCl (932.26 eV) is still present since there are
still Cl atoms from the HCI solution on the exterior copper
surface.

The C 1s spectrum for copper metal with T3AP in HCI
solution is ascribed to four primary photoelectron peaks. This
suggests that four kinds of distinct C atoms are present on the
copper metal-solution interface, as illustrated in Fig. S9.1 As can
be seen in Table S1,T the molecule T3AP is chemisorbed via an
interaction involving a covalent bond = to ©* represented by
C=C (284.74 eV) of the pyridine ring, C=N or C-N (286.97 eV),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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as well as C=S at 287.89 eV. The presence of these conjugated
double bonds C=C, C=N, and C=S in the T3AP inhibitor
increased adsorption on the copper surface's outermost layer by
providing a barrier to shield the underlying copper metal-
solution interface from further oxidation by an acidic HCI
solution during an extended immersion duration. The C-C
bond (282.48 eV) also appeared in the spectrum since the
chemical structure of T3AP contained C-CH; bond. There are
four primary synthetic photoelectron peaks displayed in
Fig. S10f by fitting the deconvolution of N 1s spectra for the
adsorbed film on copper when T3AP is present. The peaks were
for N-H, N-N/C=N, N-Cu, and N-O which appeared at 399.17,
399.11, 398.55, and 397.522 eV, respectively. The T3AP molecule
is responsible for the formation of the N-H bond as well as the
N-N/C=N bond. The N-Cu bond results from the combination
of copper and N in the T3AP molecule and the N-O bond is
caused by the oxide layer on the copper strip.** The formation of
the N-Cu bond is accomplished by transferring a lone pair
electron from a nitrogen atom into an unoccupied d orbital of
a copper atom. This process also leads to the production of
protective coating chemical bonds on the surface of the copper
atom. Fig. S117 demonstrates that there were two obvious S 2p
peaks (S 2p1/2 and S 2p3/2) on the copper surface. The binding
energy at 162.40 eV, 163.25 eV, and 167.52 eV were assigned for
Cu-S, C-S, and S-O bonds, respectively. The interaction of Cu
ions with the lone pair of S atoms in T3AP was the main reason
for the adsorption of the S 2p spectrum, followed by C=S (C-S)
which indicated the T3AP molecules.**> Meanwhile, the S-O
bonds were indicated for the oxidized S atom on the copper
surface. Therefore, from the findings of the XPS study, it may be
inferred that the T3AP molecules and copper are reacting
chemically. N-Cu bonds and Cu-S bonds suggest that T3AP
molecules are firmly attached to the copper surface by chemical

Fig. 11 Molecular electrostatic potential diagram of T3AP.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

bonding, preventing copper corrosion and making the surface
more resistant to corrosion.

3.9 DFT calculation

The chemical properties of the T3AP were further characterized
using the DFT approach. The quantitative characteristics of
T3AP molecules were optimized and calculated using Gaussian
software. The optimized T3AP stable molecular configuration is
shown in Fig. 9. Prior to performing any additional calculations,
it was necessary to verify the consistency of the experimentally
obtained and optimized theoretical structural value, as shown
in ESI Fig. S12.f The HOMO and LUMO electron cloud distri-
bution diagram orbitals were illustrated in Fig. 10. HOMO and
LUMO orbitals of T3AP electron clouds are essentially uniformly
dispersed. This demonstrates that T3AP can be adsorbed in
a parallel pattern on the copper surface. T3AP has a HOMO
(ionization potential) and LUMO (electron affinity) values of
—6.3664 eV and —1.6773 eV, respectively. The organic molecules
HOMO and LUMO orbitals correlate to the molecule’s electron
supply and gain capacities, respectively.”**** The AE value of
a compound energy gap serves as a general indicator of
a molecule’s.***®* The HOMO-LUMO band gap energy is a key
measure for comparing the reactivity of the substances
studied.” It is easier for the corrosion inhibitor molecules to
adsorb on copper surfaces with a highly stable energy gap value,
resulting in a superior anti-corrosion performance.** A good
anti-corrosion property of T3AP is demonstrated by its AE value
of 4.6891 eV. In addition, the global hardness () and chemical
softness (S) calculated with other parameters are summarized
in Table 10. Concerning inhibitor molecular activity and
stability, these characteristics are critical. Based on hard and
soft acids bases (HSAB) theory, the reaction that takes place

RSC Adv, 2022,12, 27793-27808 | 27805
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Table 11 Molecular dynamics simulation relative parameters of T3AP
at optimized temperature of 316.05 K

Parameters Values (k] mol ™)
Eeot —41187.208
Eubs —40664.911
Einn 18.665
Einteract —540.962
Ebinding 540.962

involves hard acids reacting with hard bases and soft acids
reacting with soft bases.®” Copper performed the role of a soft
base by reacting with the softer molecule form of T3AP while
a corrosion reaction was taking place. As shown in Table 10, the

View Article Online

Paper

protonated T3AP is considerably soft in terms of chemical
softness (0.4265 eV~ ') in comparison to the neutral form, which
indicates the effectiveness of T3AP in protecting copper strips.
The fact that T3AP has a low global hardness and a high
chemical softness suggests that it is an excellent corrosion
inhibitor, which aligns with HSAB theory. Additionally, a mole-
cule's ability to be drawn to an electron is measured by its
electronegativity (x). Electrons tend to be drawn from the
copper surface as the molecule’s electronegativity increases. In
contrast, the low electronegativity (—4.0190 eV) of protonated
T3AP is linked to the protonated N atom, which may have an
effect on the electronegativity of inhibitors. This is consistent
with the absorption mechanisms observed in the isotherm
study, where the inhibitors are not fully reacted chemically with

Fig. 12 Copper (111) surface with T3AP inhibitor simulation adsorption diagram (a) side view (b) top view.
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the copper surface but had strong physical adsorption on the
surface to protect the copper.

3.9.1 MEP. The color in the electrostatic potential diagram
of the T3AP molecule (Fig. 11) indicate the behavior of the
reactive site of the compounds.* The red-orange-yellow regions
are electrophilic, whereas the green-blue regions are
nucleophilic.”® N and S atoms dominate the red-orange-yellow
regions. The electrophilic characteristic of copper atoms
allows them to establish coordination bonds with N and S
atoms, resulting in stable chemical adsorption.

3.10 Molecular dynamics simulations

Further investigation into the adsorption process of the T3AP
corrosion inhibitor molecule on a copper surface was carried
out with the use of molecular dynamics modelling. Fig. 12
illustrates the stable adsorption configuration of T3AP mole-
cules on the surface of Cu (111) when the temperature is opti-
mized to 316.05 K. It can be deduced from the side view of the
equilibrium configuration shown in Fig. 12(a) and the top view
shown in Fig. 12(b) of the equilibrium configuration that the
pyridine ring and conjugated thiosemicarbazone Scaffold of the
T3AP molecule and the Cu (1 1 1) surface are virtually parallel to
one another. As a matter of fact, it has been hypothesized that
the T3AP molecule on the copper surface displays a parallel
adsorption mode based on the results of the quantum chem-
istry experiment describing the geometrically flat adsorption of
T3AP with planar conjugated structure of the pyridine ring.* The
surface area of interaction between the copper and the corro-
sion inhibitor molecule can be increased due to the T3AP
presence of conjugated pyridine ring, C=S and C=N bond
parallel adsorption mechanism. As a result of this, the Cu
surface is protected from the corrosive HCl medium since there
is less surface area for the corrosive particles to contact the Cu.
Table 11 also shows the relative kinetic parameters that were
determined from the molecular dynamic simulation. Adsorp-
tion of T3AP onto a Cu (111) surface has a binding energy that
can be calculated using the following formula (15) and (16).

Einteract = Etot - (Esubs + Einh) (15)

Ebinding = 7Einleracl (16)

According to the calculated binding energy, the T3AP mole-
cule has a significant amount of inhibition on copper corrosion
in HCl medium with binding energy (Ebinging) ©Of
540.962 kJ mol~". This is because a high binding energy indi-
cates that the corrosion inhibitor molecules readily adsorb onto
the metal surface and exert a strong binding effect, resulting in
superior corrosion prevention efficacy.**

4. Conclusion

In this study, the synthesis of a novel Schiff base, 3-acetylpyr-
idine linked with thiosemicarbazone, exhibited effective corro-
sion inhibition of copper strips in HCIl solution, optimized
using the RSM. The synthesized compound, T3AP, can

© 2022 The Author(s). Published by the Royal Society of Chemistry
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effectively inhibit the corrosion up to 93% based on the
response of gravimetric and EIS analysis. The optimal condi-
tions for the four selected parameters were temperature of
42.90 °C, acid concentration of 2.38 M, inhibitor concentration
of 3.80 mM, and time of 18.97 h. Furthermore, T3AP obeyed the
Langmuir isotherm. Based on the calculated AG,q4s, the mole-
cule undergoes physisorption and chemisorption on the copper
surface. The polarization study also indicated the T3AP was
a mixed-type inhibitor. Treated copper with T3AP showed that
its surface morphology was smooth and without deep holes and
cracks, as analyzed using SEM. In addition, the presence of
metal to inhibitor bonding, such as N-Cu and Cu-S bonds,
revealed by XPS indicated the successful adsorption of T3AP
onto copper strips. Moreover, DFT simulations were used to
evaluate the correlation between T3AP's corrosion inhibition
efficiency and its electronic characteristics. The efficacy of
inhibitory signalling improves as the ionization potential and
electronic affinity grow and are supported by the stability of the
molecular energy gap (AE value = 4.6891 eV). The molecular
dynamic adsorption with parallel configuration of T3AP mole-
cule with copper surface exhibit high binding energy of
540.962 k] mol ' have justified the strong adsorption that
become the reason of good corrosion inhibition obtained.
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