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Abstract

This study examines the corrosion inhibition of copper in aerated H,SO4 solution using
5-methyl, 5-phenyl, and 5-methyl-2-phenyl derivatives of 2,4-dihydro-3H-pyrazol-3-one (Py)
through electrochemical techniques, gravimetric method, SEM, DFT and Monte Carlo
simulation. The results showed that these compounds exhibited good inhibition efficiency,
increasing in the order: Py Il (84.9 %) < Py Il (87.9 %) < Py 1 (90.1 %) at 10 mM. The pro-
tection efficiency improved with higher inhibitor concentration and decreased with rising
temperature. Thermodynamic parameters for the inhibition process were calculated, with
AH.4 values of -17.76+0.607, -15.8+0.101 and -16.24+0.118 kJ mol™ for Py I, Py Il and Py
I, respectively, confirming the exothermic nature of adsorption. The adsorption followed
the Langmuir isotherm and occurred physically and spontaneously. Monte Carlo
simulations indicated that PYs adsorbed in a parallel configuration, provide better cover-
age of the metal surface with high adsorption energy. SEM confirmed formation of a
protective layer. Based on experimental and theoretical data, pyrazolone derivatives are
recommended as corrosion inhibitors for copper in H;504 media.

Keywords
Metal corrosion; pyrazole compounds; inhibition efficiency; adsorption isotherm; DFT
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Introduction

Owing to its favorable properties like high electrical and thermal conductivity, mechanical
workability, malleability and resistance to atmospheric and chemical agents, copperis used in a wide
range of industrial applications [1,2]. One of the most important applications of copper are industrial
applications equipment, marine industry, power stations, coinages, electricity and desalination
plants, heat exchanges and cooling power [3,4]. Despite its relatively noble character, copper
dissolves in severe industrial environments like oxidizing acids e.g. HNOs and H;SOa. It also dissolves
in acidic environments containing chloride, sulphates and nitrates [5,6] .
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Because it is a stronger acid, generally more stable and safer to handle in a variety of industrial
processes, sulfuric acid (H,SO,) is frequently used in corrosion studies instead of hydrochloric acid
(HCI). It also has a higher degree of ionization, which can be helpful in reactions that require a strong
acidic environment, and strong dehydrating properties that make it useful in reactions where water
removal is crucial. Because it is less volatile than hydrochloric acid, which reduces the likelihood of
hazardous vapors, it is a more versatile choice. It is also widely used in a variety of applications,
including the production of detergents, dyes, and fertilizers.

As a result of the widespread use of copper within industrial acidic media, several studies were
carried out using organic and inorganic materials as copper-based inhibitors. Aromatic compounds
like amines and their derivatives containing a nitrogen atom that facilitates their adsorption on the
metal surface and the formation of a protective barrier have been used extensively as organic
corrosion inhibitors in acidic media [7]. Additionally, several investigations using organic compounds
with 5-membered rings containing heteroatoms like oxygen, nitrogen, and sulfur were used to
inhibit copper corrosion [8]. Copper corrosion has been observed to be inhibited in acidic environ-
ments by azoles and related derivatives. These compounds exhibit a remarkable inhibition efficiency
due to their abundant donor atoms. The adsorption of these compounds frequently follows the
Langmuir isotherm [9].

Pyrazole compounds are non-toxic, inexpensive and considered as a green and environmentally
friendly inhibitor. They include functional groups like N, O, and pyrazolone rings. Their inhibitory action
for copper and mild steel was explained using a range of methodologies, including electrochemical
methods and weight loss assessments [10]. The mode of action of these compounds depends on their
adsorption onto the metal surface. Lgaz et al. [11,12] used pyrazoline derivatives to inhibit mild steel
corrosion in HCl solution. These compounds behave as mixed-type inhibitors and their adsorption
obeys the Langmuir adsorption isotherm. On the other hand, Chaouiki et al. [13], used 2-(4-(3-phenyl-
4,5-dihydro-1Hpyrazol-5-yl)phenoxy) acetic acid to inhibit the corrosion of mild steel in HCI solution
using various techniques. The experimental results revealed that the studied compound gave a
maximum inhibition efficiency of 87 % and the inhibition ability increased with raising of the inhibitor
concentration. Computational calculations such as density functional theory (DFT) and molecular
dynamic (MD) simulations correlate well with electrochemical parameters obtained.

The present investigation is concerned with the use of some pyrazolone derivatives as corrosion
inhibitors for copper corrosion in H;SO4 using polarization and gravimetric methods. The investi-
gation focused on the impact of inhibitor concentration, temperature, and duration immersion on
the corrosion rate. The thermodynamic parameters associated with the inhibition process were
computed. MD and DFT studies were performed to follow the adsorption configuration, adsorption
energy, and quantum chemical descriptors. Upon integration of the experiment findings, the
molecular-level mechanism of inhibitors surface adsorption could be elucidated, together with
critical variables influencing the inhibitory performance.

Experimental

Experiments were carried out on copper sheets and/or rods with the following composition:
0.027 wt.% Ni, 0.067 wt.% Zn, 0.006 wt.% Se, and the remainder Cu 99.90 wt.%.
Solutions

Electrolyte solutions were prepared using analytical grade reagents and triple distilled water.
H,SO4 solutions (BHD grade) with completely different concentrations were prepared. Figure 1
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displays chemical configurations of the pyrazolone derivatives. The concentration range of the
pyrazolone compounds (inhibitors) (Analytical grade purchased from Al-Gomhoria Company, Egypt
and have high solubility in acidic medium) used was between 0.1 and 10 mM. The measurements
were validated at 25+0.1 °C. The cell temperature was controlled with an ultra-thermostat from
Polyscience (USA).

6 6 6
I\?/_\Fo 8 r?l/_\Fo 8 n?@:o 8
N2 N° N2
H H Ph
7 7 7
Py I Py Il Py Il

Figure 1. Chemical configurations of pyrazolone derivatives

Weight loss measurements

Five parallel copper sheets measuring 5.0x2.0x0.2 cm were abraded with emery paper (grades
320-500-800) and then washed with demineralized water and dried with acetone After accurate
weighing, the specimens were completely buried in a beaker containing 250 ml of the tested
solution (sulfuric acid) without or with pyrazolone derivatives in varying concentrations. Following
the appropriate immersion period, the specimens were pulled out, cleaned, dried, and precisely
weighed. The average weight loss of five parallel copper sheets was obtained. The inhibitory
efficiency (IE) and the surface coverage (6) of pyrazolone compounds for the copper inhibition were
calculated (equation 1) as follows [10] :

IE =100 &= 100 (W°-w)/WP (1)
where W? and W stand for the average weight loss for the free acid solution and in the presence of
pyrazolone compounds, respectively.

Polarization measurements

In this section, testing was carried out in a cell with three openings: one for a standard reference
electrode (SCE), one for a Pt counter electrode, and one for the working electrode. Using epoxy
adhesive, the working electrode, a 0.350 cm diameter copper rod was inserted into a salt glass pipe,
revealing 0.785 cm?. A dense copper wire attached to the copper bar that was not in touch with the
solution was used to create electrical connections. Using a Jean Wirtz TG 200 grinding machine, the
metal conductor was consistently surface-prepared with successive 0-, 00-, and 000-grade
sandpaper papers before use. It was then flushed with a solvent, cleaned with distilled water, and
submerged in the solution.

The scanning rate used for all potentiodynamic polarization tests was 5 mV s. By extrapolating
the anodic and cathodic Tafel lines to obtain log icorr the Stern-Geary method was utilized to quantify
the corrosion current (icorr) and the related corrosion potential (Ecorr) for the tested solutions. The
inhibition efficiency (IE) and surface coverage () were then determined using the corrosion current
density (icorr) , as shown by Equation 2 [10]:

icorr(inh)
IE = 1-—""" 1100 = 1000 (2)

Icorr(free)

where, icorr (free) aNd icorr(inh) are corrosion current densities without and with pyrazolone compound
solutions, respectively.
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Computational study

Optimizing geometry for pyrazolone derivatives

All used pyrazolones were drawn using Chem-Draw 19.1 as portrayed in Figure 1, then uploaded
to Gaussian 09, using density functional theory (DFT) based on the 6-31G basis set and B3LYP
method as the level of theory to calculate energetic behavior and quantitative chemical descriptors.
The most used quantum mechanical molecular descriptors include the highest occupied molecular
orbital energy (Enomo) lowest unoccupied molecular orbital energy (Ewwmo), energy gap (Egap),
ionization potential (/), electron affinity (A), global hardness (7), global softness (o) , absolute
electrophilicity index (), global electronegativity () and dipole moment (). Where Egap, | and A
were calculated from Enomo and Eiumo values using the Equations (3( to-(5) [11]:

Egap = ELumo - EHomo (3)
I = - Evomo (4)
A =-Eumo (5)

Both / and A values are exploited to obtain y and 7 of the inhibitory molecule [14] from Equations
(6and 7):

1 1

X= E(I + A):E(ELUMO + EHOMO) (6)
1 1

n= E(I - A):E(ELUMO - EHOMO) (7)

To compute the transferred fraction of electrons (AN), equation (8) [14], It is assumed that Cupuik
atoms are softer than neutral Cu atoms, with a value of 4.48 eV/mol [15]. Additionally 7, is assumed
to be 0 eV/mol. Considering that for a Cupul, / = A [16]. Equation (8) can be expressed as follows

ANZELZCU_Zith (8)
2 77Cu +771nh

The formulas for the calculation of several descriptors mentioned are given by Equations (9) and
(20) [17]:

(9)

O =

0w=" (10)

The optimization process using the DMol3 module in BIOVIA Material Studio software was
employed to determine the condensed Fukui function. This function is identified as the first
derivative of electron density, p(r), in proportion to the number of electrons, N, at a fixed external
potential v(r), which illustrates how a molecule changes electron density at a specific position as
the counts of electrons vary [18,19]. Fukui indices (fi*, fi and fi°) are helpful to investigate the
molecule responsiveness calculated from equations (11) to (15):

op(r)
=" (11)
fi'=[re(N) - r(N-1)] for nucleophilic attack (12)
fi=[nN+1) - r(N)] for electrophilic attack (13)
fi%=1/2 [r(N+1) - r(N-1)] for radical attack (14)
DAtk) = fi" - fic (15)

where for site k, the electronic densities of anionic, neutral, and cationic species are ri(N+1), ri(N)
and r(N-1) respectively. Df(k) is the dual descriptor, where, its positive and negative signs refer to
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electrophilic species and nucleophilic species respectively. Sites with the highest probability of
experiencing nucleophilic and electrophilic assaults are verified by the highest values of fi* and fi,
respectively [20].

Molecular dynamic simulation

Although each orientation of Cu has unique benefits depending on its intended purpose, Cu(11)
is widely utilized because of its stability and beneficial surface properties. Electrical and catalytic
characteristics of copper surfaces are often studied, and different crystal orientations exhibit a
variety of characteristics. Since Cu(111) is often copper's lowest energy face, its surface characteristics
may be more consistent and distinct. Because it is typically more stable and less reactive than Cu(i10
and Cuoo) surfaces, it is also less prone to reconstruction or surface flaws. The closely packed Cu(111)
surface and its electrical characterization allow for better adsorption of some molecules, which may
be useful in corrosion and catalytic processes [21].

Pure Cu(111) was enlarged to supercell to offer an extensive surface for the interaction with each
inhibitor. The MD run in a 5x5 supercell featuring the force field of COMPASS, A temporal step of
1fs, and an imitation period of 500 ps in a container of (1.28x1.28%2.54 nm3) in even temperature
of 303 K was employed with the Materials studio package.

Results and discussion
Weight-loss measurements

Effect of sulfuric acid concentration

When copper was soaked in a sulfuric acid solution, it became at risk of corrosion. The following
equations (18) to (21) can be used to illustrate the different stages of the copper's dissolving reaction
in the sulfuric acid solution [22,23]:

Cu > Cu** +2e (18)
This reaction can be displayed in two steps, each involving one electron:

Step1:Cu > Cu* +e’ (19)
Step 2: Cu* > Cu** +e (20)

where step 1 lies under equilibrium conditions and step 2 is the slower step in the sequence of the
reaction, i.e. the copper dissolution is an activation-controlled process. In naturally aerated acid
solutions, the rate-determining step during dissolution of copper is oxidation of (Cu*) [24]:

Cu* + 2H* +1/2 0, > Cu?* +H,0 (21)

Equation (21) suggests that copper-anodic dissolution in naturally aerated acid solutions is an
activation-controlled process. Gravimetric measurements were performed for copper specimens
immersed through 10 to 60 hours of immersion time at 25 °C in different concentrations, ranging
from 0.1 to 0.5 M H;SO4. The weight loss variation for copper coupons in 250 ml of varying H,S04
concentrations at 25 °C is shown in Figure 2 as a function of immersion time, where straight lines
were obtained as results.

Figure 3 displays the plot of the log (weight loss) against the duration of immersion time to track
the kinetics of the dissolution reaction of copper species at various sulfuric acid concentrations at
25 °C This figure shows straight-line correlations that indicate a first-order reaction for copper cor-
rosion in sulfuric acid. The first-order rate law (Equation 22) was used to get the values of the rate
constant (k) [25].
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Figure 2. Variation of weight loss of copper with immersion time in different concentrations
of H;SO, solution at 25 °C

2.303
k=——->IogW (22)
t
where W is the weight loss of Cu after a period (t). From the parallel straight lines of Figure 3, the
values of the slopes were calculated. By substituting these values in Equation (22), the rate con-
stant (k) was calculated to be 3.915x10-3 h! The half-life (t1/2) was obtained by Equation (23) [25]:
0.693
t,, == (23)
Substituting the values of k into Equation (23), half-life time (ti2) for the copper dissolution
process was found to be equal to 177 hours.
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Figure 3. Log of weight loss versus immersion time for copper in different concentrations of sulfuric acid at 25 °C

Effect of temperature

The impact of raising the temperature from 25 to 55 °C on the copper corrosion rate in a naturally
aerated 0.5 M H;S04 solution is further investigated. The fluctuation of W for copper dissolution in
0.5 M H2SO0s4 solution at varying temperatures is shown in Figure 4 concerning immersion time (t).
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The straight lines in Figure 4 demonstrate that as the temperature rises, the rate of corrosion of
copper is markedly increased.

The Arrhenius equation (Equation (24)) can be used to express how temperature affects the rate
of copper corrosion (r) [10]:

logr :constant+i (24)

2.303RT

where r is the corrosion rate, AHags is the activation energy of the corrosion reaction, T is the
absolute temperature, and R is the universal gas constant. The Arrhenius plots for the copper
corrosion rate in 0.5 M H,SO4 are displayed in Figure 5 (after 10 h of immersion). These findings
produce a straight line with the slope from which the activation energy (AHa4s) can be determined.
It was found that AHags equals 12.16 kJ mol™.
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Figure 4. Variation of weight loss of copper with immersion time in 0.5 M H,SO, at different temperatures
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Figure 5. Arrhenius plot of corrosion rate against T for copper in 0.5 M H,SO,4 after immersion time of 10 h

Effect of addition of pyrazolone derivatives

In the present part of this work, it was of interest to highlight the effect of some pyrazolone
derivatives as inhibitors for the corrosion of copper in 0.5 M H;SO4 acid solution. Increasing concen-
trations of Py I, Py Il and Py Ill were used to inhibit the corrosion of copper in 0.5 M H,SO4 Figure 6
represents the variation of weight loss of copper with immersion time in 0.5 M H,SO4 at increasing
concentrations of Py at 25 °C (similar curves are obtained for other pyrazolone derivatives.).
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Inspection of the curves of Figure 6, the values of weight loss of copper was decreased with
increasing the concentrations of PY |. The curves of Figure 7 represent the variation of the weight
loss of copper with immersion time at adjusted concentration of pyrazolone derivatives as 10 mM
in 0.5 M H;S04 at 25 °C.
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Figure 6. Variation of weight loss of copper with immersion time in 0.05 M H,SO4 without and with
increasing concentrations of Py | at 25 °C
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Figure 7. Variation of weight loss of copper with immersion time at 0.5 M H;SO4 without and with 10 mM
concentration of three pyrazolone derivatives at 25 °C

This behavior could be attributed to the inhibiting effects of these compounds which retard the
dissolution process and assist the inhibition process. It is clear from the curves of Figure 7 that the
lowest values in the loss in weight for copper species dissolution in 0.5M H,S04 occurs in presence of
Py | than the other additives. Further inspection of Figure 7 indicates that the inhibition efficiency of
these compounds increased in the following order: (low inhibition) Py Il < Py Il < Py | (high inhibition).

The action of the used pyrazolone additives as corrosion-inhibiting compounds could be detected
from the values of the inhibition efficiency (IE) equation (25) for each additive which is defined by
the following equation [10]:

IE= 1- (W/Wo)100 (25)
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where W, and W are the weight loss in the absence and presence of inhibiting compounds, respect-
tively. The values of IE for the inhibiting compounds used (after 10 hours) can be seen in Table 1,
which reveals the following conclusions to be drawn:

e |E of each inhibitor increases with increasing its concentration.

e At the concentration of the same additive, IE increases in the following order: Py Il < Py Il < Py |

Table 1. Variation of inhibition efficiencies of copper immersed in 0.5 M H,SO, for 10 hours using various doses
of pyrazolone derivatives, at 25°C

IE, %

Cry/ MM Pyl Pyl Pyl
0.1 19 6 13
0.5 25 13 19
1.0 38 25 31
5.0 50 38 44
10.0 57 44 50

Polarization measurements

Potentiodynamic polarization behavior of the copper electrode in 0.1 to 0.5 M sulfuric acid at
25 °C, is illustrated in Figure 8. Inspection of the curves of Figure 8 reveals that on increasing the
concentration of H,SQa, shifts the anodic polarization curves to a more active direction, while the
cathodic polarization curves shift to a more anodic direction.

2.0 +

—=— 0.1 MH,SO,
1-® 02MH,SO,
1.54-—4A—0.3MH,SO,
J- v 0.4 MH,SO,
0.5 M H,SO,

1.0

E/V vs. SCE

-0.5 1

-1.0

log (i/ mA cm)

Figure 8. Potentiodynamic polarization curves of the copper electrode in various concentrations of H,SO,
solution at 25 °C and scanning rate 5 mV s

The numerical values of the variation of corrosion current density (icorr), corrosion potential (Ecorr),
and Tafel slopes (£ and £&), with the changing sulfuric concentrations are provided in Table 2. The
polarization resistance was obtained from the Stern-Geary equation [26] and the corrosion rate of
copper was determined from Equation (26) [27]:

w
Corrosion rate =0.1288 Deq (26)

corr

where weq = 31.8 is the equivalent weight of metal (working electrode) and D = 8.96 g cm™3 is the
density of metal. The computed data derived from Figure 8 and Table 2 show that Tafel-type
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behavior is shown by the both cathodic and anodic curves. The anodic and cathodic polarization
curves change to more active and noble directions, respectively, as the concentrations of H,SO4
increase. The values of icorr increase, Ecorr shifts to more active directions, R decrease, and the rates
of corrosion increase. This trend indicates that when the concentration of sulfuric acid solution
increases, copper electrode dissolution increased markedly and readily.

Table 2. Kinetic parameters of Cu electrode in various concentrations of H.SO4 solution at 25°C, as calculated
from Figure 8 and Equation (26)

Crasos / M Corrosion rate, mm year™  -Ecorr /mV vs. SCE o/ MAcm™ B,/ mV dec? A/ mVdec? R,/ kQ

0.1 0.005 19.8 0.013 239.3 -146.3 3.032
0.2 0.009 30.7 0.021 227.4 -128.8 1.701
0.3 0.027 36.2 0.062 213.5 -111.4 0.513
0.4 0.091 42.8 0.211 202.6 --88.5 0.138
0.5 0.287 48.6 0.631 194.8 100.3 0.042

Figure 9 shows the impact of adding progressively higher concentrations of Py | (one of the
evaluated pyrazolone derivatives) on the electrochemical behavior of copper in 0.5 M H,S04. Table
3 contains the electrochemical characteristics that were determined for the investigated pyrazolone
derivatives, including Ecorr, Tafel slopes (£ and f), corrosion rates, and icorr Values.

2.0 9= 0.05 M H,SO, + 0.0 mM Py |
1~ 0.05MH,S0, +0.1mMPy |
154 005MH,S0,+0.5mMPyI
~v 0.05MH,S0, + 1.0 mM Py |

0.05 M H,S0, + 5.0 mM Py |

1.0 1 0.05 M H,SO, + 10.0 mM Py |
L
. 0.5 :
s - 1
>
~ - ? = 5#}“
m 0.0 %%*—fﬂ?ﬂ?ziﬁk\
. s =N
-0.5 1 i ! ¢ .
S jl’:f;:{]
1.0

log (i/ mA cm?)

Figure 9. Potentiodynamic polarization patterns of the copper electrode in 0.5 M H,SO, solution without and
with increasing concentrations of Py | at 25 °C and scanning rate 5 mV s

Examining the data in Figure 9 and Table 3 indicates that when the concentration of these additives
increases, the corrosion potential (Ecorr) Of copper shifts towards more positive potentials, leading to
increased adsorption on the copper surface [28]. The values of the corrosion rates decreased upon
increasing the concentrations of added pyrazolone compounds. This behavior demonstrated the high
inhibitory activity of these pyrazolones. Figure 10 represents Tafel-plots for copper electrode in
0.5 M H;S04 in the absence and presence of different Py concentrations, the order of increasing IE is:
(lower inhibition) Py Il < Py lli< Py | (higher inhibition). This is in good agreement with the behavior
resulting from weight loss measurements and confirms the ability of those inhibitors to reduce
corrosion of Cu in 0.5 M H;S04 as compared to other derivatives listed in Table 4.
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Table 3. Kinetic parameters for the inhibition of copper corrosion in 0.5 M H,SO, without and with increasing
pyrazolone derivative concentrations at 25 °C and computed using Equation 26 and Figure 10

log (i/ mA cm™)

Pyrazolone Corrosion rate, - Ecorr/ leorr/ Lol L/ 0
Cry/ MM derivate mmyear! mV (SCE) mAcm? mVdec! mV dec? Ro/ kQ o IE, %
0.00 - 0.287+0.03 48.6 0.631 194.8 -88.5 0.042 - -
0.11 0.181+0.05 36.6 0.398 204.2 -106.2 0.076 0.369 36.9
0.15 0.114+0.05 28.7 0.251 213.8 -119.7 0.133 0.602 60.2
1.00 Py I 0.072+0.05 17.4 0.158 227.6 -127.1 0.224 0.749 74.9
5.00 0.046+0.05 11.2 0.102 231.1 -138.5 0.368 0.838 83.8
10.00 0.028%0.05 5.5 0.063 238.7 -143.6 0.617 0.901 90.1
0.11 0.256%0.07 44.2 0.562 198.3 -92.7 0.049 0.109 10.9
0.15 0.162%0.07 39.8 0.355 207.4 -99.3 0.082 0.469 46.9
1.00 Py Il 0.102%0.07 33.2 0.224 213.6 -106.4 0.138 0.645 64.5
5.00 0.06410.07 25.3 0.141 221.8 -117.5 0.237 0.776 77.6
10.00 0.043%0.07 18.7 0.095 225.2 -124.3 0.366 0.849 84.9
0.11 0.218%0.06 41.3 0.478 199.8 -99.8 0.060 0.242 24.2
0.15 0.138x0.06 34,5 0.302 210.2 -111.2 0.105 0.521 52.1
1.00 Py 1l 0.087x0.06 26.4 0.191 219.5 -121.2 0.178 0.697 69.7
5.00 0.05410.06 19.2 0.120 226.2 -130.4 0.299 0.809 80.9
10.00 0.036%0.06 10.3 0.079 233.4 -137.5 0.475 0.874 87.4
2.0 -
—=—0.5 M H,SO, (free)
1|-e-0.5MH,S0, +10.00 mM Py Ii
154 |4 0.5 M H,SO, + 10.00 mM Py lll r{/‘
1 ~+—0.5MH,S0, + 10.00 mM Py | T
W 10
O
n
¢ 0.5
>
~
W 0.0
-0.5 4
1.0
6 4 2 2 4 6 8 10 12

Figure 10. Potentiodynamic polarization curves of the copper electrode in 0.5 M H,SO, solution without and
with 10 mM of pyrazolone derivatives at 25 °C and scanning rate 5 mV s

Table 4. List of pyrazolone derivatives utilized as corrosion inhibitors for various metals

Inhibitor Electrode Medium IE%  Adsorption isotherm Ref.

2-(4-(5-(p-tolyl)-4,5-dihydro-1H-pyrazol-3-yl)phenoxy)acetic physisorption as

acid (P1) and 2-(4-(5-(4-nitrophenyl)-4,5-dihydro-1H-pyrazol-  Mild steel 1.0 M HCI >80 well as [11]

3-yl)phenoxy)acetic acid (P2) chemisorption

2-(4-(4,5-dihydro-3-(4-methoxyphenyl)-1H-pyrazol-5- physisorption as

yl)phenoxy)acetic acid (PYR-1) and 2-(4-(4,5-dihydro-3-p-tolyl- Mild steel 1.0 M HCI >88 well as [12]

1H-pyrazol-5-yl)phenoxy)acetic acid (PYR-2) chemisorption
physisorption as

1-Phenyl-3-Amino-5-Pyrazolone Mild steel 0.5 M H,SO4 98 well as [29]
chemisorption

Halogen-substituted pyrazolo-pyrimidine derivatives: 3-me-

thyl-6-ox0-4,5,6,7-tetrahydro-2H-pyrazolo[3,4-b]pyridine-5- Langmuir,

-carbonitrile (APP 1), 3-methyl-6-ox0-4-(3-phenoxyphenyl)- Copper 0.5 M H,S04 >70 chemisorptionand  [30]

4,5,6,7-tetrahydro-2H-pyrazolo[3,4-b]pyridine-5-carbonitrile physical absorption.

(APP Il) and 3-methyl-6-oxo-4-(thiophen-2-yl)--4,5,6,7-
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Inhibitor Electrode Medium IE%  Adsorption isotherm Ref.
-tetrahydro-2H-pyrazolo[3,4-b]pyridine-5 carbonitrile (APP I11)
Pyrazolone derivative Mild steel 0.5 M H,SO4 91 Langr.‘nwr & Tem!qn, [31]
physical adsorption
pyrazolone derivatives: 4-(2-(4-(N-(pyrimidin-2-yl)sulfamoyl)
phenyl)hydrazono)-3-methyl-1-thiocarbamoyl-2-pyrazolin-5- Carbon 1.0 M Hcl >80 Temkin isotherm, 32]
-one(PY1) and (4-methyl-3-phenylthiazol-2-ylidene)-3-methyl- steel ’ physical adsorption
-1-thiocarbamoyl-2-pyrazolin-5-one (Py2)
5-Methyl-2,4-dihydropyrazol-3-one and 5-methyl-2-phenyl- Langmuir, physical
2,4-didhydropyrazol-3-one Copper 0.1 M H2S0, 76 adsorption [33]
Langmuir,
Imidazole derivatives Copper 0.5 M H,SO4 >95 chemisorptionand  [34]
physical adsorption
Aryl pyrazolo pyridines: 3-methyl-6-ox0-4,5,6,7-tetrahydro-
-2H-pyrazolo[3,4-b]pyridine-5-carbonitrile (APP 1), 3-methyl-
-6-0x0-4-(3-phenoxyphenyl)-4,5,6,7-tetrahydro-2H-pyrazo-
lo[3,4-b]pyridine-5-carbonitrile (APP 1) and 3-methyl-6-oxo04- Copper 0.5MHd %2 [35]
-(thiophen-2-yl)-4,5,6,7-tetrahydro-2H-pyrazolo([3,4-b]pyri-
dine-5-carbonitrile (APP 111)
pyrazolone derivatives: 2-(3-amino-5-oxo-4,5-dihydro-1H-
-pyrazol-1-yl)(p-tolyl)methyl)malononitrile (PZ-1) and 2-((3-
N | 15 % HCI > -
-amino-5-oxo-4,5-dihydro-1H-pyrazol-1-yl)(phenyl)meth- 80 Stee > % HC 20 [36]
yl)malononitrile (PZ-2)
Pyrazolo-pyrimidine derivatives Copper 0.5 M H,S0,4 >70 % - [37]
N synthetic Langmuir,
- - >
H, 4H, 5H-pyrazolo[3,4-d]pyrimidine Copper ceawater 90 chemisorption [38]
5-methyl, 5-phenyl, and 5-methyl-2-phenyl derivatives of 2,4- Langmuir, physical  This
H >84
dihydro-3H-pyrazol-3-one (Py) Copper 2504 8 adsorption work

Adsorption isotherm

To fit the adsorption of the used additives, we tried to estimate the perfect adsorption isotherm
realized our obtained results. Among the isotherms, Langmuir, Frumkin, Temkin, Freundlich, and
Florry-Huggins, were checked using the degree of surface covering () calculated from weight loss
measurements. The experimental data showed that the Langmuir adsorption isotherm provided the
most accurate description of adsorption of pyrazolone compounds on the copper surface. The
Langmuir-isotherm can be expressed according to the Equation (27) and its logarithmic form, given
by Equation (28) [39]:

c/0=1/K+c (27)
where K is the adsorption equilibrium constant, @is the degree of inhibitor's surface covering, and
Cis the inhibitor concentration in the bulk electrolyte.

log (c/6) =log c - log K (28)

The Langmuir adsorption isotherm is the perfect one that fits the results of adsorption of
pyrazolone derivatives on the surface of copper as detected from the linear relationship between
log (c/6) and log c plots, shown in Figure 11.

From the intercepts of the straight lines of Figure 11, the equilibrium constant (K) values could
be calculated. In the same way, K values can be calculated for the adsorption process of each
pyrazolone compound at different temperatures (Table 5). Examination of data of Figure 11 reveals
that K value declines in the following order at the test temperature: Py | > Py Il > Py Il. This could be
attributed to the deceased tendency of adsorption of these additives. However, as the temperature
is raised, the values of K decrease due to desorption of the inhibitors on rising the temperature [40].
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Figure 11. Plots of log (c/0 ) vs. log ¢, following 10 h immersion of copper in 0.5 M H,SO4 solution at 25 °C

The equilibrium constant of adsorption, K, is related to the free energy of adsorption (AGads)
according to the Equation (29) [39]:

AGP®,4s=-2.303 RT log (55.5 K) (29)

The calculated AG%qs values were found to be negative and less than -40.0 kJ mol? indicating
that, although pyrazolone derivatives are physically and spontaneously adsorbed on the Cu-surface,
the process is less favorable at high temperatures [41]. Equation (30) can also be used to compute
the other thermodynamic functions [39]:

AG®,ds = AH®34s - TAS®ads (30)
where, AS°.qgs and AH®gs represent the entropy and enthalpy of the process, respectively.

Plotting the computed free energy values (AG°.q4s) for the pyrazolone compounds utilized versus
temperature (7) yielded straight lines, as illustrated in Figure 12.

Further inspection of the data of Table 5, the values of AS°qs for Py | are greater and more
negative than those for the other pyrazolone compounds at the same temperature. This indicates
an increased propensity for the inhibitory species to adsorb on the metal surface.

= Pylll
10000 | 4 py i !
A Pyl [
— 10500 -
S
I 1
2 11000 J
8
0 ® [ ®
)
2 o
= 11500
12000 4 /

T T T T T T T
295 300 305 310 315 320 325 330
T/K

Figure 12. Temperature dependency of AG°.q4s in 0.5 M H,SO4 containing 10 mM of pyrazolone derivatives

Table 5 includes the values of AH%q4s in the temperature range of 298 to 328 K for different
pyrazolone derivatives. The exothermic nature of the adsorption of these additives on the Cu
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surface is shown in the all-negative values of AH%q4s [41]. In comparison with the other two
pyrazolone derivatives, Py Il and Py Ill exhibit less negative AH®4s. This suggests even more that Py
| adsorbs less on the copper surface than the other two pyrazolone derivatives.

Table 5. Values of K, AG®a4s, AH 445 and AS°qqs for adsorption of pyrazolone derivatives on the copper surface at
different temperatures (298 to 328 K)

Temperature, K

Inhibitor Parameter 298 308 318 328

K/Lmol 76.33+0.41 60.00+0.52 46.72+0.14 40.00+0.67

Py I -AG®q4s / k) mol? 10.74+0.06 10.49+0.18 10.17+0.00 10.06+0.05
-AH®,q4s / kI mol? 15.80+0.10

-AS°q4s / I mol? 16.97+0.49 17.25+0.16 17.72+0.32 16.98+0.51

K/Lmol? 100.00+0.77 80.00+0.28 69.001£0.53 55.0010.60

Py Il -GCuqs / k) mol™? 11.41+0.31 11.22+0.13 11.196+0.09 10.9310.25
-AH%4s / k) mol? 15.8+0.10

-AS°q4s / I mol? 16.97+0.49 16.97+0.49 16.97+0.50 16.97+0.49

K/Lmol? 128.20+0.81 102.20+0.54 85.00+0.09 70.00+0.11

Py | -AG°qs / k) mol? 12.03+0.56 11.85+0.57 11.75+0.53 11.59+0.30
-AH%qs / k) mol? 17.761£0.61

-AS%4s / ) mol? 19.23+0.44 19.20+0.31 18.90+0.28 18.821+0.34

Computational study

Optimizing geometry for pyrazolone derivatives

All quantum chemical data have been extracted by implementing geometric optimization
concerning all nuclear coordinates using DFT based on the 6-31G basis set and B3LYP method as the
level of theory. The optimal configuration of the examined chemical as well as their molecular
electrostatic potential surface (MESP) is depicted in Figure 13.

Different colors clarify the electrostatic potential at various locations on the electron density
surfaces. Electrophilic active areas, which have the highest negative electrostatic potential, are
characterized by their red hue. Whereas the green color denotes a region of zero potential, the blue
hue indicates the regions with the highest electrostatic potential (nucleophilic region). The
possibility increases in the order green < blue < yellow < orange < red [42].

m
-6.27x10? +6.27x102%  -6.14x10? +6.14x10% -5.71x107? +5.17x10?
\ y _—
2 o @
L o o4 ‘2a o
@ / g 2
' ] : D : - o 9
> -@ " 3 b +R_ I o
2 Ul o 2
Py | Py Il T

Figure 13. The optimized structures and electrostatics of examined pyrazolone molecules
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Figure 13 displays the three compounds' electrostatic potential. Heteroatoms and conjugated
double bonds are the main locations of the electron-rich areas. Negative areas that are conducive
to electrophilic assaults are indicated by the N, NH, O and pyrazolone rings. Blue (positive sign)
hydrogen atoms are more likely to be attacked by nucleophiles. The HOMO density location in the
pyrazolone derivatives is mostly distributed near the nitrogen (i.e. NH or N), oxygen (=0) atoms, and
pyrazolone rings, indicating that these are the preferred sites for adsorption [43], which is confirmed
by both Mulliken negative charges and largest Fukui positive fi* and fi values for all inhibitors,
whereas the LUMO density was distributed almost throughout the molecules. Table 6 shows the
calculated DFT parameters of the examined compounds, where data show that, in the gas phase,
PYl and PYI H+ show balanced stability and reactivity with moderate AE (.1 values (5.787 and 6.153
eV). PY Il exhibits the strongest reactivity with the smallest AE+.1) value (4.586 eV) and the highest
electronegativity (4.395 eV). PY Ill shows balanced stability and reactivity with a moderate gap
(4.829 eV) and the highest AN value (0.191), indicating greater electron transport.

In the water phase, PYl and PYI H+ show balanced stability and reactivity with moderate AE values
(5.872 and 6.366 eV). PY Il has the smallest AEgap (5.998 eV) and the highest electronegativity
(6.787 eV), indicating strong electron-accepting capacity. PY Il exhibits balanced stability and
reactivity with a moderate AEg,, (5.059 eV) and the highest AN value (0.165), indicating greater
electron transport.

Table 6. Calculated quantum chemical parameters of examined pyrazolone compounds

E“Z“\”/O/ EL:Q”/O/ As\g// 1/eV A/eV X/eV H/eV m/eV e‘i/l w/ev “::// w-/ eV A‘;’J/ AN AEba“ked\‘;”a“"“/
Gaseous state
PYI -6.706 -0.919 5.787 6.706 0.919 3.812 2.893 -3.812 0.3456 2.511 0.967 4.779 5.746 0.107 0.723
PYIH+ -7.007 -0.853 6.153 7.006 0.853 3.930 3.077 -3.930 0.325 2.510 0.9297 4.859 5.789 0.081 0.769
PYIl -6.275 -1.688 4.586 6.274 1.688 3.981 2.293 -3.981 0.436 3.456 1.7527 5.733 7.486 0.098 0.573
PYIlH+ -7.103 -1.688 5.414 7.103 1.688 4.395 2.707 -4.395 0.369 3.568 1.709 6.104 7.813 0.006 0.677
PYIl -5.922 -1.094 4.829 5.922 1.094 3.508 2.414 -3.508 0.414 2.549 1.100 4.604 5.701 0.191 0.604
PYIll H+ -6.805 -1.140 5.665 6.805 1.140 3.972 2.832 -3.972 0.353 2.785 1.153 5.126 6.279 0.081 0.708
Liquid (water)
PYIl -6.746 -0.873 5.872 6.745 0.873 3.809 2.936 -3.809 0.341 2.471 0.933 4.742 5.675 0.106 0.734
PYIH+ -7.167 -0.801 6.367 7.167 0.801 3.984 3.183 -3.984 0.314 2.493 0.899 4.883 5.782 0.070 0.796
PYIl -8.934 -2.372 6.561 8.933 2.372 5.653 3.280 -5.653 0.305 4.871 2.454 8.107 10.560 -0.186 0.820
PYIlH+ -9.787 -3.788 5.998 9.786 3.788 6.787 2.999 -6.787 0.333 7.681 4.662 11.449 16.111 -0.393 0.750
PYIl -6.124 -1.064 5.059 6.124 1.064 3.594 2530 -3.594 0.395 2.553 1.072 4.667 5.739 0.165 0.632
PYIll H+ -7.091 -0.485 6.606 7.091 0.485 3.788 3.303 -3.788 0.303 2.172 0.691 4.479 5.170 0.097 0.826
The obtained adsorption data of the three pyrazolone derivatives and the Cu11) surface are

tabulated in Table 7. The three molecules were adsorbed on a parallel position to the Cu(i11) surface.
The plane position leads to the maximum interaction between the active sites of the organic
inhibitors and the metal surface [44] as shown in Figure 14.

Table 7. Lower adsorption configuration output results from the adsorption locator module

Energy, k) mol™ .
Structures Total |Adsorption | Rigid adsorption | Deformation (dEsas/dNi)/ k) mol™
Cu111+PYI+ 98H,0+ 2H,S0, -351.92 | -238.756 -196.933 -41.8233 -238.756
Cui1:+PYIl+ 98H,0+ 2H,S0,  |-191.058| -190.272 -151.406 -38.8652 -190.272
Cu11:+PYIIl+ 98H,0+ 2H,S0,  |-370.468| -318.097 -290.081 -28.0202 -318.097
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Figure 14. Side and top views of most stable adsorption configuration of Py | (A) and (D), Py Il (B) and (E)
and Py Ill (C) and (F) obtained by molecular dynamic simulations on Cu111/98 H.0/2H>50, surface

Inhibitory mechanism

At least one polar unit, comprising atoms of N, O, S and, in certain situations Se and P, is required
for the majority of organic compounds that can be employed as inhibitors. These kinds of substances
are capable of donating electrons, and their mechanism of action is thought to be due to the
adsorption of inhibitor molecules onto the surfaces of metals via an unshared pair of heteroatom
electrons [45].

CH, H
‘ij CHj;
/ /
N = N
! !
H H

Figure 15. The keto-enol forms of Py |

Figure 15 shows the equilibrium of the keto and enol forms of Py | in an acidic medium. It is
suggested that the interaction of the lone pair of electrons from the O-atom of the keto-enol, with
the positively charged metal surface is the cause of the inhibition of Cu in an acidic medium. Other
factors that must be taken into account in the corrosion inhibition process include the interaction
of the electrons from the pyrazolone rings with the positively charged metal surface and the
interaction of pyrazolone cations formed in acidic solutions with the negatively charged metal
surface. Conversely, inhibitors' delocalized 7 -electrons enable high adsorption on the Cu-surface,
which causes inhibition of corrosion [46]. Two factors may be responsible for Py | maximum
inhibitory action: (i) the smallest molecule size; and (ii) the existence of an electron-donating group
(-CHs) that raised the pyrazolone ring electron density. These factors led to an increase in the
adsorption process. The review of the literature also shows that pyrazolone derivatives are good
corrosion inhibitors, particularly in acidic media, because of their strong adsorption through the
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donation of O and N atoms' lone pairs of electrons to the metal surface [46] which is corroborated
by Mulliken charges and Fukui indices.

SEM micrographs of the copper electrode surface taken before, after 10-hour immersionin 0.5 M
sulfuric acid (free) and 0.5 M sulfuric acid with 10 mM Py | (an example of the utilized inhibitor) are
shown in Figure 16. Examining these micrographs reveals that in H,SO4 free solution, the formation
of little pits, some of which equally grew inward and laterally to produce some sizable attacked areas
(compared by the Cu-surface before immersion in H.SO4 (Figure 16(A)). Traces of the corrosion
products are seen inside these sizable regions, as shown in Figure 16(B). However, the number and
size of pits created are significantly reduced in the presence of 10 mM Py |, as an example of organic
inhibitors utilized (Figure 16(C)).

Figure 16. SEM micrographs of copper electrode surface: (A) after immersion for a period of 10 h in
(B) 0.5 M sulfuric acid (free) and (C) 0.5 M sulfuric acid + 10 mM Py I.

Conclusions

The results of the present demonstrated the following:

Higher acid concentrations and longer exposure times cause copper to corrode more quickly in
H,S04 solutions. Weight loss and polarization measurements show that corrosion rates rise as tempe-
rature and acid concentration rise. The rates of copper corrosion in sulfuric acid are decreased by
pyrazolone derivatives, and the efficiency of inhibition increases with increasing inhibitor concen-
tration. The order of inhibitory efficiency at the same temperature is as follows: Py | < Py Il < Py IIl.
SEM demonstrates that these compounds significantly reduce corrosion regions. Quantum generally
support lab results, strengthening the use of pyrazolone as a corrosion inhibitor for Cu in H2SOa.
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