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ABSTRACT: The inhibitory impact of the two synthesized pyrazole derivatives
(3 and 4) toward metallic and microbial corrosion was investigated. Using open
circuit potential, potentiodynamic polarization, and electrochemical impedance

500 uM
250 -
spectroscopy, it was possible to determine their ability to prevent the corrosion of s ¢ I “ ‘ I

[l Metrics & More ’ Q Supporting Information

300 - Blank (1M HCI)

C-steel in 1 M HCI], which was significantly enhanced with increasing g
concentration (ex. 93%). They act as mixed-type inhibitors, according to n1so|

polarization curves. The compounds under investigation were adsorbed on a C- 1388 .

steel surface in 1 M HCI following the Langmuir isotherm model. The double- wr L R i

layer capacitance was decreased, and the charge transfer resistance (R,) was raised 50 hoo ket * o, bl
due to the examined inhibitors’ adsorption. Investigating changes in the surface R, increased

morphology and confirming the corrosion inhibition mechanism are done using i L L L LY
scanning electron microscopy. Density functional theory calculations and Monte 0 50 “’Zor’g_cn:?“ 200250300

Carlo simulations were also conducted to show the adsorption affinity of the
understudied compounds over the steel substrate in neutral and protonated forms.
Furthermore, the antimicrobial performance of the two synthesized pyrazoles against sulfate-reducing bacteria was evaluated, and the
recorded inhibition efficiency was 100%. The current research shows important developments in producing highly effective
anticorrosion and antimicrobial pyrazole derivatives.

1. INTRODUCTION

Pyrazoles are widespread innovative scaffolds with a diversified
land of unique propertles and dual roles in inhibiting material

Given those mentioned above and in follow-up, our
longstanding interest in the preparation and reactions of 1,3-

diketones and their implementations,'*~* the purpose of this

and microbial corrosion.' > C-steel is widely used in industries
under various conditions. Acids are commonly used in multiple
industrial processes, including oil and gas extraction and
processing, pickling baths, and other chemical and petrochem-
ical industries. Acids also appear during the technical cracking
of petroleum due to the hydrolysis of salts, which may
negatively impact the equipment.> Hydrochloric acid is useful
in various industries, including pickling agents, etching, and
cleaning. Because acids exhibit aggressive behavior, acid
corrosion is critical, and the problem is costly and accounts
for a significant portion of the reduction due to poor operation.
Petroleum refinery units’ decreased output, the price of
chemicals to prevent corrosion, and high maintenance costs
are drawbacks.”” The majority of organic compounds with
electronegative atoms (like O, S, P, and N), plane conjugated
systems, and aromatic cycles (like double bonds or triple
bonds) can be used as inhibitors of acid corrosion.®™"!
Adsorption of the pyrazole derivatives on the metal
considerably reduces corrosion attack. As a result, it is critical
to investigate the relationship between corrosion inhibition
and adsorption.'”
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study was to inspect the multidimensional insights of the
synthesized pyrazoles as corrosion inhibitors and assess their
inhibition efficiency on C-steel via some electrochemical
measurements such as open circuit potential (OCP),
potentiodynamic polarization (PP), and electrochemical
impedance spectroscopy (EIS). The two synthesized pyrazoles’
potential inhibitory mechanisms on C-steel corrosion were
investigated using density functional theory (DFT) and Monte
Carlo (MC) simulations. Furthermore, the antimicrobial
activity of the two synthesized pyrazoles against sulfate-
reducing bacteria (SRB) was evaluated. The most bacterially
influenced corrosion is SRB, as is well known.”*** In the
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Table 1. Comparison between Parallel Corrosion and Biocidal Activities of Recent Multifunctional Inhibitors and This Work

corrosion inhibition

compounds code corrosive medium optimum dose

TOS3 10% HCI 50 ppm 87.6
MA-1156 1 M HCI 18 uM 86.4
SPT formation water 200 ppm 79.0
Pzl S M HCI 2000 ppm 91.0
Pz2 89.0
3 1 M HCI 500 uM 93.6
4 94.7

max. inhibition %

SRB inhibition
optimum dose max. inhibition % ref
S0 ppm 80 23
16 uM 80 24
80 ppm 100 25
20 ppm 83.3 26
100
30 ppm 100 our work
100

literature, numerous reports demonstrate the effectiveness of
corrosion inhibitors against SRB (cf. Table 1).%*°

2. EXPERIMENTAL SECTION

2.1. Materials. The following C-steel specimens were used
for all measurements: 0.200% C, 0.350% Mn, 0.024% P, and
0.003% S, and the remaining weight percent is Fe. The C-steel
working electrode surface was glossed as a mirror finish via
various grades (200—2000) from gravel emery papers, cleaned,
and washed via bi-distilled water and acetone for removing
greases. The concentration range of the examined inhibitors
was between 1 and 500 yM.

2.2. Solutions. Hydrochloric acid (37%), acetone, and
ethyl alcohol were bought from Algomhoria Company in
Egypt. All measurement solutions were made with bi-distilled
water.

2.3. Synthesis of the Inhibitors. Two selected azo
pyrazoles, 3 and 4, were synthesized via our previous protocol
and are listed in Table 2.%°7%°

Table 2. Molecular Structure, Molecular Weight, and
Molecular Formulas of the Examined Two Pyrazole
Derivatives 3 and 4

compounds structure formula mol. weight mol. formula
OH N-NH
(_*=~o
\
N-NH
N"N 508.29
3 . C21H14BrN704
@ b
-~-NZ
0"
Ph
OH N-N
(_*=~o
\
N=-NH
4 N 584.39 Ca7H18BrN7O4
Br
o-N¢

2.4. Electrochemical Measurements. An ordinary three-
compartment glass cell was used for the electrochemical
measurements. The working electrode was a C-steel (1 cm?),
the reference electrode was a saturated calomel electrode
(SCE), and the counter electrode was a platinum sheet (1
cm?). To reduce IR drop, the working electrode’s surface was
made to touch the tip of a Luggin capillary attached to the
reference electrode. All measurements were conducted without

30069

stirring in solutions exposed to the atmosphere. All potential
data were reported in comparison to SCE. The electrode was
prepared for each experiment by abrading it with progressively
finer emery paper, degreasing it with acetone, washing it with
bi-distilled water, and drying it. To generate Tafel polarization
curves, the electrode potential was automatically changed from
(—0.8 to —0.2 V vs SCE) at open circuit potential with a scan
rate of 1 mV s™'. The Stern—Geary method, which measures
corrosion current, extrapolates the anodic and cathodic Tafel
lines of charge transfer-controlled corrosion reactions to the
point that yields (I.,) and the corresponding corrosion
potential (E_,,,) in the absence and presence of the examined
inhibitors. Then, the following formulas were used to calculate
the inhibitory efficiency (IE %) and surface coverage (6):

IE% = 6x 100 = (Icorr.free - Icorr.inh)/Icon'.free (1)

Iowfree and I.;on are the corrosion current densities in the
absence and presence of an inhibitor, respectively.

Impedance measurements were taken using AC signals at
OCP in a frequency range of 100 kHz to 0.1 Hz and an
amplitude of 5 mV peak-to-peak. The parallel circuit was used
to examine and interpret the experimental impedance. The
major parameters determined from the Nyquist curve
investigation are the double-layer Cy capacity and the
resistance of charge transfer R, (the high-frequency loop
diameter). The following relationships describe the inhibition
efficiency (IE %) and surface coverage (0) determined from
impedance measurements:

IE% = 0x100 = (Rct.inh - Rct.free)/Rct.inh (2)

Reigee and Ry, are the charge transfer resistance in the
absence and presence of an inhibitor, respectively.

Before the measurements, the electrode potential was
allowed to settle for 30 min. All investigations were carried
out at a temperature of 25 + 1 °C. The measurements were
made with a Versa STAT 4 potentiostat/galvanostat coupled
to a laptop "All in one” and a frequency response analyzer
(FRA). The electrochemical test methods were performed
following the guidelines of ASTM GS59-97, ASTM G102-89,
and ASTM G3-89.

2.5. Theoretical Quantum Chemical Study. Materials
Studio (6.0) software executes the quantum calculation study
for the prepared 3 and 4 pyrazole compounds in neutral and
protonated forms. The GGA approach with DNP-3.5 bases set
included in the DMol3 module was selected for the geometry
optimization process. The energy values of frontier molecular
orbitals (FMOs) of pyrazole derivatives (Ey, and E;) are
extracted after the geometry optimization process. The energy
difference (AE,,,) between FMOs is the function of pyrazole
derivative compounds 3 and 4 reactivity. The MC simulation
process is conducted in gas and simulated acidic solution to
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mimic the real corrosion environment of the steel alloy. MC
was run with an adsorption locator module implemented in the
MS (6.0) software. Fe (1 1 0) is selected due to its stability.
The iron crystal with cleavage (1 1 0) is imported and
extended to the (15 X 15) supercell, and the vacuum slap with
thickness 15 A° created over the iron crystal plane. The
COMPASS force field controlled the annealing process, as
previously described.”” MCs run via 10,500 steps to attain the
equilibrium configuration of the system.

2.6. Surface Analysis. Measurements of surface top-
ography and roughness of the C-steel were performed
employing an Asylum Research MFP-3D atomic force
microscope, AFM (Santa Barbara, CA, USA). The surface
roughness has been detected for the polished C-steel coupon
and those immersed for 6 h in pure 1 M HCl and treated with
500 uM of the best corrosion inhibitor 4.

2.7. Microbial-Induced Corrosion (MIC). As a result of
the favorable anaerobic conditions it offers for the growth of
bacteria like SRB, the produced oil tanks’ lowest level can be
regarded as a significant MIC source. In such vulnerable
locations, MIC attacks caused by SRB can lead to catastrophic
consequences. The Egyptian Petroleum Research Institute
(EPRI) made particular growing medium kits available. To
replicate the anaerobic conditions described in NACE
TMO0194/14 86, such media were created and contained in
separate vials. The NACE TMO0194/14 and our prior study
were used as the basis for the standard sample process and data
gathering.'

3. RESULTS AND DISCUSSION

3.1. Synthesis of the Inhibitors 3 and 4. As we
previously reported,”®™>" the synthetic approach for preparing
bis-azo pyrazoles 3,4 is depicted in Scheme 1. Diazo coupling
of azo pyrazoles 1,2 with 4-nitrophenyl diazonium chloride in a
basic solution yielded pyrazoles 3,4.

Scheme 1. Synthesis of Bis-azo Pyrazoles 3,4

R
OH N-N + - |
h O,N N,Cl )
0 |
\ _—
Nonp  NaOH/EOH, 0-5°C N-NH
i M N ’/N

Br

3.2. Electrochemical Measurements. 3.2.1. Open Cir-
cuit Potential. Figure S1 shows the OCP variation over time
for the inhibitor chemical 4 with a 30-minute immersion
duration. After a sharp increase in the negative direction of the
potential, the OCP plots reached a steady state area, which
suggests that an equilibrium state between the oxidation and
reduction processes with a zero-bias potential was achieved at
all concentrations of the added inhibitor compound 4 series.’
Regarding the direction of the OCP or the values of the Eqcp,
the behavior of the blank sample and the other inhibited
samples was essentially the same. As a result, the compound 4
series molecules can be referred to as mixed-type inhibitors
since they can stifle both cathodic and anodic processes.

3.2.2. PP Measurements. Figure 1 displays the anodic and
cathodic Tafel polarization curves for C-steel in 1 M HCl in

the absence and presence of different concentrations of the
examined inhibitors (3 and 4) from 1 to S00 uM at 25 °C. It is
clear from Figure 1 that the two synthetic pyrazole inhibitors
under investigation work to delay the anodic dissolving of C-
steel and the cathodic hydrogen discharge processes in 1 M
HCI and that this inhibition became more pronounced when
the inhibitors’ concentrations were raised. Table 3 lists the
electrochemical parameters that were determined using Tafel
curves, including corrosion current density (o), Ecomy Tafel
slopes (f, and f3.), inhibition efficiency (IE %), and degree of
surface covering (6). Raising the concentration of the synthetic
inhibitors, Tafel lines are moved to more negative and positive
potentials when the blank curve is considered. This behavior is
normally estimated because of the inhibitor’s (mixed-nature
inhibitor) adsorption onto the C-steel surface, which inhibits
both the cathodic and anodic processes.”’ The change in the
corrosion potential in +85 mV around the E_,, of C-steel in a
blank solution confirmed the mixed adsorption nature of
compounds 3 and 4. According to the results, an increase in
inhibitor concentrations causes a decrease in I, due to the
presence of electron-donating groups (aromatic and hetero-
aromatic rings (pyrazolone, phenylhydrzenylidene, and phenyl-
pyrazolone) and halide and nitro) that help the tested
compound adsorption on the C-steel surface. Still, the Tafel
slopes (f3, and f3.) are roughly constant, showing that the two
reactions (anodic metal dissolution and cathodic hydrogen
reduction) were delayed without the dissolution mechanism
changing.”> According to the Stern—Geary equation, the
polarization resistance (R,) of the X-65 steel value is a
reciprocal function of I

corr*

2

P ICOIT (3)

where y is constant and equal to [(£,4.)/2.303(5, + f.)]. Due
to their blocking active center effect, the adsorption of pyrazole
derivatives increases the polarization resistance via the
retardation ionization or dissociation of metal.’ As the
molecular weight of the inhibitor molecule increases, its
inhibition performance increases. Thus, the inhibition
efficiency of compound 4 > compound 3.

3.2.2.1. Effect of Temperature. The temperature enhances
the offensive effect of HCl on the corrosion reaction of C-steel.
The temperature boosted the kinetic motion of the HCI
solution, which leads to decreasing both the corrosion
products deposited and the protective film on the metallic
surface, which increases iron ionization and hydrogen gas
evolution. PP measurements were used to investigate the
impact of temperature on the C-steel corrosion rate in 1 M
HCI with 500 M of the examined inhibitors at temperatures
between 298 and 318 K (Figure S3). Table 4 lists the effects of
temperature on the effectiveness of the inhibition for C-steel in
1 M HCI when the examined inhibitors are present and absent.
According to the results, raising the temperature rapidly
impacts the corrosion rate in the absence and presence of 500
uM of the pyrazole derivatives (3 and 4). The rising
temperature increased the corrosion current density of C-
steel from 0.95 and 0.0502 to 1.856 and 0.360 mA cm ™2 in the
absence and after the addition of 500 M of compound 4,
respectively (Table 4). The adsorption film of S00 uM of
compound 4 over the C-steel enhanced its activation energy
calculated from eq 4 and slope of Figure 2 to 82.9 k] mol™" as
reported in Table S. This finding implies that the examined
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Figure 1. Potentiodynamic polarization curves for C-steel corrosion in 1 M HCI in the absence and presence of various concentrations of

compounds 3 and 4 at 25 °C.

Table 3. Electrochemical Kinetic Parameters of the Tafel Curves for C-Steel Immersed in 1 M HCI without and with Various

Doses of the Examined Inhibitors

inhibitors conc., (uM) —E,,, mV (vs SCE) Lo, HA cm™>
blank 509.2 + 3.7 950.2 + 1.12
3 1 497.1 + 8.7 420.25 + 3.35
S 5184 + 5.3 298.1 + 3.52
10 502.5 + 3.3 189.5 + 3.81
S0 S13.7 £ 3.6 100.5 + 4.01
100 5232 £ 5.9 82.7 £ 2.05
500 489.3 £ 5.1 60.21 + 2.85
4 1 498.6 + 2.3 361.52 + 5.32
S 492.7 + 2.7 240.1 + 2.75
10 506.4 + 4.8 1532 + 3.42
S0 512.7 £ 5.8 95.61 + 4.38
100 5193 + 3.1 72.5 + 2.68
500 S31.5 + 54 50.2 + 1.21

B, mV dec™! —f,, mV dec™ R, Q-cm? [ IE %

110.5 + 3.15 136.4 + 3.35 27.90

101.3 + 3.58 125.65 + 4.12 57.95 0.5577 §$8.77 £ 3.51
106.1 + 3.42 128.5 + 3.68 84.65 0.6862 68.62 + 3.18
85.74 + 2.78 130.15 + 1.18 118.56 0.8005 80.05 + 2.80
84.53 + 1.68 132.15 £ 5.21 222.74 0.8942 89.42 + 3.78
78.5 £ 291 127.8 + 4.36 258.33 0.9129 91.29 + 2.27
82.5 £ 22§ 130.1 + 3.44 364.09 0.9366 93.66 + 2.65
105.6 + 5.24 128.5 + 3.58 69.62 0.6195 61.95 + 2.96
101.1 + 3.0S 1254 + 4.42 101.23 0.7473 74.73 + 1.58
105.5 + 3.48 127.6 + 4.48 163.68 0.8387 83.87 + 147
82.5 + 1.63 125.4 + 3.02 226.0 0.8993 89.93 + 1.94
80.1 + 1.87 123.6 + 3.37 234.51 0.9239 92.39 + 2.08
752 + 1.78 1249 + 2.29 295.4 0.9471 94.71 + 0.71

Table 4. Effect of Temperature on the C-Steel Corrosion in 1 M HCI in the Absence and Presence of 500 uM of Tested

Inhibitors
298 K
conc (uM) Lo, pA/cm’ IE, %
blank 0.00 950.2
3 500 93.66
4 500 50.2 94.71

308 K 318 K

Lo, pA/cm’ IE, % Lo, pA/cm’ IE, %
1254.1 1856.2

204.3 83.70 470 74.67
160.4 87.21 360.5 80.57

inhibitors” ability to prevent corrosion is possibly due to the
higher energy barrier for metal breakdown.*

E
InICO"=lnA—( a)

RT (4)

where A and R are the Arrhenius and gas constant, respectively.

3.3. EIS Measurements. Impedance measurements give
information on the interface’s resistive and capacitive behavior,
as well as an assessment of the effectiveness of the examined
compounds as potential corrosion inhibitors and an inves-
tigation of the mechanisms underlying corrosion inhibition.
Using EIS, further details on the corrosion behavior of C-steel
in 1 M HCI with and without the tested pyrazole inhibitors
may be obtained. Similar plots are obtained for compounds 3
and 4. This clarifies that the presence of pyrazole derivatives
increases the diameter of the capacitive loops without altering

their shapes.”* This behavior indicates an inhibitive film that
impedes C-steel corrosion in HCL The following equation is
used to get the doublelayer capacitance (Cy) and the
frequency at which the imaginary part of the impedance is at
its maximum (—Z,__):

1

Cdl il P E—
2ﬂfma.x RC" (5)
where f,... is the maximum frequency at which the imaginary
component of the impedance (Z;,,g) is maximum and R is
the diameter of the loop.
Figure 3 demonstrates that adding the examined compound
4 increases R values, reaching 94.29% at 500 yM without
altering the impedance shape. The Nyquist plots in Figure 3
did not form perfect semicircles as predicted by the EIS theory,

https://doi.org/10.1021/acsomega.3c02333
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Figure 2. Arrhenius relation for C-steel in 1 M HCI in the absence
and presence of S00 uM of pyrazole derivatives (3 and 4) at different
temperatures.

Table 5. Thermodynamic Activation Data for C-Steel
Corrosion in 1 M HCI in the Absence and Presence of 500
MM 3 and 4 Inhibitors

capacitance loop’s diameter to increase, which indicates how
much the corrosion process is inhibited. The modulus
impedance 1Z_ 4l and phase angle degree values, respectively,
at lower and intermediate frequency regions, have been
enhanced by adding pyrazole derivatives (3 and 4). This also
confirmed the inhibitory effects of the understudied com-
pounds. The general explanation for this inductive loop is the
adsorption of species brought on by the dissolution of C-steel
and hydrogen adsorption. Finally, the blgger Z o indicates
stronger inhibitor protection for C-steel.’

The electrical circuit depicted in Figure 4 that was used to
simulate the gained EIS data has three components: R, Cy, a
double-layer capacitance, and R,, which stands for the solution
resistance.

3.4. Adsorption Isotherm. The adsorption isotherm that
characterizes the metal/inhibitor/environment system may be
derived, which is one of the most suitable methods for
quantitatively describing adsorption.”” In 1 M HCI solution,
the examined inhibitors were diluted to various concentrations,
and the degree of surface covering () values were calculated.
Various electrochemical experiments were used to quantify the
extent of surface covering (6). Different adsorption isotherm
models were fitted using surface coverage (0) data, and the
correlation coefficient (R?) was used to choose the best
isotherm, which was found to follow the Langmuir adsorption

solution E, (k] mol™)
blank 26.32
3 81.08
4 82.95

isotherm and expressed by:**

(i)

(6)

showing a general behavior where the double layer on the
metal/solution interface does not act as a real capacitor. The
findings in Table 6 demonstrated that as the concentration of
inhibitors rose, R, values increased, and the capacitance, Cy,
values dropped. The reduction in capacitance showed that the
inhibitor molecules adsorbed at the metal/solution interface.
This may happen when the local dielectric constant decreases,
or the electrical double-layer thickness rises. A lower Cy value
was obtained when the inhibitors were added, possibly due to
inhibitor molecules replacing water molecules at the C-steel
electrode surface. The inhibitor compounds Inay also lower
capacitance by thickening the double layer.”> Exploring the
data reveals that each impedance diagram in Figure S2 Bode-
phase plots comprises a sizable capacitive loop with a single
capacitive time constant. Higher concentrations cause the

Cian is the inhibitor concentration, and K4 is the adsorption
equilibrium constant. The drawing of (C/8) vs (C) for
concentrations of the examined inhibitors is illustrated in
Figure S. It was discovered that the studied inhibitors had a
straight-line association. The equilibrium constant (K,4)
values are recorded in Table 7. The higher values of (K,q4,)
of the examined inhibitors the higher the adsorption of the
tested inhibitors on the surface of C-steel immersed in 1 M
HCI. The following relationship exists between the free energy
of adsorption, AG°g4, and the equilibrium constant of
adsorption (K,4), which is determined by the slope of the
Langmuir adsorption isotherm:*”~*'

300
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g 1 uM 3
= 10 4 5 uM
w4 v 10 uM
w0k ¢ mV'" ine L&t + 50 uM
b oL < 100 uM
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5
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Figure 3. Nyquist fitted curves recorded for C-steel in 1 M HCI with and without various compound 3 and 4 concentrations at 25 °C.
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Table 6. Electrochemical Parameters Obtained from EIS Equivalent Circuit Fitting of C-Steel Immersed in 1 M HCI without

and with Various Doses of the Examined Inhibitors

inhibitors conc., (uM) R, (Q cm?) n Cy, (uF/cm?) R, (Q cm?) IE %
blank 1.391 0.961 107.23 + 2.26 16.85 + 1.76
3 1 1.568 0.997 5791 + 3.17 36.2 + 247 5345 + 3.51
S 1.232 0.996 5227 + 2.58 62.4 + 347 7299 + 3.18
10 1.184 0.995 49.23 + 1.64 98.52 + 2.59 82.89 + 4.80
N 1.049 0.994 43.56 + 2.69 13428 + 143 87.45 + 3.78
100 1.289 0.999 30.71 + 3.14 194.57 + 2.27 91.33 + 1.27
500 2.174 0.976 18.06 + 2.78 27131 + 2.37 93.78 + 1.46
4 1 1.7025 0.996 50.84 + 3.69 47.6 £ 1.74 64.60 + 1.58
S 2.260 0.993 46.19 + 4.28 79.95 + 2.51 7892 + 147
10 1.607 0.998 40.65 + 3.75 127.6 + 2.11 86.79 + 1.94
S0 1.367 0.996 28.37 + 1.49 180.8 + 3.43 90.68 + 1.64
100 1.409 0.984 22.13 + 1.84 234.51 + 2.57 92.81 + 2.08
500 1.375 0.99 6.39 + 2.37 2954 + 1.68 9429 + 0.71
VATA AAA P gab;}e(l)tleldlzi'n Table 8 according to the following egs
R.E W.E. - :
Rs Rct
AE,, =E, — Ey (8)
c%s g =L
) )
Figure 4. Parallel electrical circuit model utilized to fit EIS results. Ey - E,
Frd 8 (10)
55.5 is the molar water concentration in mol L™, R is the gas AE
constant, and T is the absolute temperature. Data in Table 7 y=—=2
display values of (AG®,,); large values of (AG®,q,) and their 2 (11)
negative sign are often indicative of strong interaction and very
effective adsorption.”” Values of (AG°,) around —40 k] AN = (g — Xcompd)
mol™ are often consistent with chemisorption at room - n )
compd (12)

temperature.42

3.5. Theoretical Quantum Chemical Study. DFT has
been used to give an expectation about the pyrazole
derivative’s chemical structures and their inhibitory activity.
Optimized pyrazole derivatives structure and their FMOs in
addition to the electrostatic potential mapping (ESP) shown in
(Figure 6) for the neutral form and Figure S4 for the
protonated form. The energies of the highest occupied
molecular orbital (HOMO) (Ey) and the lowest unoccupied
molecular orbital (LUMO) (E) exported from the Dmol3
module are used to calculate the other relevant parameters

where # is the global hardness, y, is the pyrazole derivative
electronegativity, AN is the fraction of transferred electrons,
E, _ 4 is the energy of back donation, and xp, is the
electronegativity of the Fe (1 1 0) plane that is 7."**

The optimized configuration of the studied compounds is
obtained through a geometry optimization process, where the
force on the coordinated atoms is brought to zero. The
optimized structure shows how the studied compounds are
planar in different studied forms (neutral or/and protonated),
which greatly subjected the active sites of these compounds to
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Figure 5. Langmuir adsorption isotherm for C-steel dissolution in 1 M HCl involving different concentrations of the examined compounds 3 and 4

at 25 °C.

30073

https://doi.org/10.1021/acsomega.3c02333
ACS Omega 2023, 8, 30068—30080


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02333/suppl_file/ao3c02333_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02333?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02333?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02333?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02333?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02333?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02333?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02333?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02333?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 7. Langmuir Adsorption Parameters for the C-Steel Dissolution in 1 M HCI Involving Different Concentrations of the

Examined Inhibitors at Room Temperature

inhibitors experimental methods —AG®,4, (J mol™) K x 10° (L mol™) slope R?
3 PP 42.4 4.96 1.064 0.9997
EIS 42.3 4.7 1.067 0.9997
4 PP 42.7 5.59 1.037 0.9998
EIS 43.6 7.83 1.052 0.9995
@
E
g
s
|
£
2
=)

HOMO

LUMO

ESP map

Figure 6. Optimized molecular structures with electronic densities of HOMO, LUMO, and ESP map of the examined compounds in neutral form.

Table 8. Quantum Chemical Parameters of the Examined
Two Pyrazole Derivatives

quantum parameters 3 4

Ey (eV) —5.258 —5.082
E; (eV) 3.591— 3.615 —
AE (eV) 1.667 1.467
X (eV mol™) 4.424 4.349

n (eV mol™) 0.833 0.733
Ey _ 4 (eV mol™) —0.208 0.183—
AN 1.993 2.043

the substrate. This indicates that these compounds are highly
likely to interact with the metallic surface via planar aromatic
moieties.*> Based on Mulliken charge distribution, the higher

the atomic charge value, the higher the protonation affinity. O7
of compounds 3 and 4 has the highest Mulliken atomic
charges, —0.568 and —0.602. Thus, these atoms have the
highest protonation affinity. The concentrated electron clouds
over aromatic and hetero-aromatic rings (pyrazolone, phenyl-
hydrzenylidene, and phenyl-pyrazolone) and halide and nitro
groups represent the active centers that participate in the
interaction between the prepared compounds and d-orbitals of
iron. The higher energies of the HOMO and lower energies of
the LUMO represent the higher affinity of these compounds to
interact easily with the 3-d orbital of Fe. This indicates the iron
corrosion suppression activity of these compounds.*® The
electron density distribution over the whole compound
structure is clearly shown in ESP mapping. This confirms the
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ability of these compounds to form a stable compacted layer
over the iron surface and, in turn, decrease the offensive action
of HCL The energy of the HOMO indicates the ability of
organic inhibitors to donate electrons to the 3d-orbital of Fe.
The higher the Ey the easier the electron donation and
adsorption affinity. From Tables 8 and SI, the Eygpo of
compound 4 is higher than that of compound 3. This confirms
the higher effective action of compound 4 over compound 3.
This is matched with the experimental results.

Moreover, the Eyoyo values of compounds 3 and 4 in the
protonated form are higher than those in the neutral form.
This may indicate that the understudied compounds’
protonated forms make these compounds interact strongly
with the iron surface. The Ey_y values for the 3 and 4
compounds in neutral and protonated form indicate the affinity
of the LUMO to accept electrons from the full-filled 3d-orbital
of Fe.*” This, in turn, enforces the donor-acceptor interaction
between 3 and 4 compounds and Fe. Hardness (1) and
softness(c) are important parameters that help predict
corrosion inhibitors” adsorption affinity. As reported, a highly
reactive molecule (soft) has a lower AE value and vice versa
for the lower reactive one (hard).”® Compound 4 has lower 7
values than compound 3 in the different studied forms. The
energy gap between the HOMO and LUMO indicates the easy
transfer of electrons and the stable complex formed between
the prepared compounds and iron. The lower the AE,, the
higher the potential corrosion inhibition. According to the data
in Tables 8 and S1, compound 4 has higher efficiency as a
corrosion inhibitor than compound 3, which matches the
experimental data. The HOMO of 3 and 4 compounds
transmits electrons to iron when the electron transfer (AN)
fraction has positive values. The AN-provided values
demonstrate that the examined compounds were inhibited in
the order of 4>3. The whole quantum calculated parameters
indicate that compound 4 in both forms (neutral and
protonated) has higher interaction adsorption affinity with
the Fe than compound 3.

The experimental data extracted from EIS and PP were
consistent with the estimated DFT values. To simulate the
corrosion inhibition process of the iron alloy and to imagine
the adsorption configuration of the pyrazole derivatives
compounds (3 and 4) over the iron plane surface (1 1 0),
the adsorption locator module in MS.6.0 software controlled
with COMPASS forcefield applied for 3&4/Fe (1 1 0) system
in gas and simulated acid solution 100H,O + SHCI phases.
The most stable arrangement of the examined inhibitors (3
and 4) across the Fe (110) plane is shown in Figure 7 in both
the gaseous and simulated acidic solution phases. The top and
side perspectives of the examined inhibitor (3 and 4)
configurations provide important details that may be quickly
explained as follows:

e The parallel orientation of the 3 and 4 to Fe (110) plane
is displayed clearly from the side caption views.

e Top views also demonstrated the planarity of com-
pounds 3 and 4, which occupy and cover a substantial
portion of the surface of Fe (110).

The side and top views display the high adsorption affinity of
the pyrazole derivatives on the steel surface, where the active
centers (aromatic and hetero-aromatic rings (pyrazolone,
phenylhydrzenylidene, and phenyl-pyrazolone) and halide
and nitro groups) become more subjected to the steel surface.
This, in turn, enhances the inhibitory effect of these

Side view Top view

Gas Phase

Aqueous Phase

Figure 7. Side and top view snapshots of the most stable orientation
of the examined compounds simulated as whole parts in different
phases.

compounds.” The resultant adsorption energy values (E,q)
for compounds 3 and 4 are shown in Table 9, confirming their
adsorption affinity. The stronger and more permanent the
adsorption of 3 and 4 on iron, the bigger the negative value of
E.q Compound 4 faces more adsorption competition from
molecules of H,0, H;0", and Cl~ ions in its current state. This
finding, which demonstrates the propensity of compound 4 to
replace these adsorbed ions/molecules at the iron contact, is
consistent with the electrochemical evidence previously
discussed.””*°

3.6. Mechanism of Corrosion Inhibition. The inhibition
efficiency of C-steel corrosion in 1 M HCI solution by the two
synthesized pyrazoles (3 and 4) using the above techniques
was established to depend on different factors such as the
concentration of the synthesized inhibitors, the number of
adsorption active centers in the inhibitor and their charge
density, molecular size, and stability of this inhibitor in
aggressive solutions.”’ On the metal surface, the active centers
for adsorption are nitrogen and oxygen. The examined
inhibitors adsorb onto the surface of the C-steel, blocking
the active centers and reducing corrosion attacks. Based on the
donor—acceptor interaction between the 7-electrons of the
donor groups of the inhibitors and the unoccupied orbitals of
iron surface atoms, the adsorption of the inhibitor molecules
on the surface of the C-steel may be explained.”* > The
inhibitors containing nitrogen, oxygen, and z-bonds can
provide effective inhibition, compared with inhibitors contain-
ing only one of them.*® The adsorption is assumed mainly
through the nitrogen and oxygen atoms in the examined two
synthesized pyrazoles (3 and 4) (active centers).

Generally, the corroded C-steel surface in HCI solution
carries —Ve charge due to the electrostatic adsorption of CI~
ions on the steel surface (FeCl™),q4

Thus, we suggest the pyrazole derivative adsorption follows
one of these pathways or all of them:

one is the attraction force between the positively charged
atoms (nitrogen or oxygen) and the negatively C-steel-charged
centers. The other pathway is the pyrazole compounds form a
complex with the Fe*? ions formed over the C-steel surface.
This electrostatic force enhances the pyrazole derivative
compounds to come closer to the C-steel surface and the
formed complex attracts the C-steel-charged surface and blocks
the active centers of C-steel from reacting with HCI. These
pathways suggest the formation a compact protected layer to
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Table 9. Output Energies Were Calculated Using MCs for the Examined Two Pyrazole Derivatives in Gas and Simulated

Liquid Phases on Fe (1 1 0)

(dE,4, /dNi)(kJ/mol)

compounds Er (kJ/mol) E,4 (KJ/mol) Ejg (kJ /mol) Ege¢ (KJ/mol) inhibitors H,0* Cl- H,0
gas 3 —262.90 —3479.73 -219.17 —3260.55
4 —273.75 —3501.31 —260.75 —3240.56
liquid 3 —2389.36 —7655.26 —2399.88 —5255.38 —3507.37 —166.46 —128.57 —24.81
4 —2359.77 —7636.41 —2400.94 —5235.47 —3541.44 —171.98 —122.46 —26.16
Hydrophobic backbone Hydrophobic backbone
@ Qo N=N CgHs-4-NO,

Fe™

-

Petroleum
C-steel pipeline

pi- to -d-electron transfer

7

U
\\/

Empty d-orbital
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Figure 8. Expected adsorption scheme of the two synthesized pyrazole inhibitors on the C-steel surface.

shield the C-steel surface from the HCI contact. Electron
sharing between the electron-rich function groups (aromatic
and hetero-aromatic rings (pyrazolone, phenylhydrzenylidene,
and phenyl-pyrazolone) in pyrazole compounds and the vacant
3d-orbital iron based on the donor-acceptor interaction
concept forms a chemisorbed protective layer over the C-
steel surface.”” Figure 8 shows that this layer is a barrier against
corrosion. The examined two synthesized pyrazoles exhibit
excellent inhibition effectiveness due to: (i) their larger
molecular size that may facilitate better surface coverage, (ii)
the presence electron releasing groups (N and O atoms & 7-
bond in aryl group in compound 4), which promote the
delocalized 7-electrons on the active centers of the examined
inhibitors.

3.7. Surface Analysis. AFM is an effective instrument for
assessing how inhibitors affect the topography and surface
roughness of metal surfaces in aggressive conditions. Figure 9
shows three-dimensional pictures of samples that were SiC-
ground to 2000 grit and submerged in 1 M HCI for six hours at
25 °C before and after adding 500 M inhibitor 4. The C- steel’s
average roughness shows how its surface will interact with the
environment. The creation of the protective oxide layer is
reverted to by the least roughness (Ra = 2 nm) of polished C-
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steel. Due to the production of porous corrosion products
(iron chloride and oxide) over the surface of the C-steel, which
is caused by the aggressive action of 1 M HCI, the surface
roughness of the C-steel increased to 106 nm. The active
centers of compound 4 (aromatic and hetero-aromatic rings
(pyrazolone, phenylhydrzenylidene, and phenyl-pyrazolone),
as well as halide and nitro groups), on the other hand,
counteract the harmful effects of HCI by forming a protective
film that adsorbed within the corrosion product layer, made it
less porous, and protected the C-steel surface from the HCI
effect. This effect is obvious from the lower C-steel roughness
value (Ra = 44 nm).

3.8. Microbial-Induced Corrosion (MIC). The two
synthesized pyrazole compounds (3 and 4) were investigated
as antibacterial agents against potential MIC attacks on the
growth rate of sulfate-reducing bacteria (SRB). Inhibitors 3
and 4 were put into the sealed growth medium vials at two
different doses (1S and 30 ppm). The serial dilution strategy
was used to create a series of various concentrations. After 21
days, the serially diluted sample vials with the injected
inhibitors 3 and 4 are shown in Figure 10, along with the
photographs taken of the incubated blank vials without
inhibitors. The inhibitory activity of the examined compounds

https://doi.org/10.1021/acsomega.3c02333
ACS Omega 2023, 8, 30068—30080


https://pubs.acs.org/doi/10.1021/acsomega.3c02333?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02333?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02333?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02333?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

Polished C-steel

Treated (C-steel /1M HCI+500uM inhibitor4)

Figure 9. AFM images for the C-steel before and after immersion in treated and blank HCL

Blank

15 ppm

30 ppm

3 4

Figure 10. SRB growth quantification media kits injected with infected water samples with different concentrations of 3 and 4.
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was assessed by comparing the number of blackened vials
(infected vials) to the blank. Significant biocidal activity has
been observed in the tested substances. Since the observed
bacterial count was 10" cells per milliliter at 15 ppm and 0 cells
per milliliter at 30 ppm concentration, the predicted
suppression effectiveness was up to 100% (Table 10).

Table 10. SRB Growth Bacterial Count for 3 and 4 at 40 °C
for 21 Days

SRB count reduction in the SRB efficiency
compounds conc. (cell/mL) count (cell/mL) (%)
blank 109
3 15 10* 10 66.7

30 10° 10° 100
4 15 10! 10° 833
30 10° 10 100

4. CONCLUSIONS

1. The as-synthesized two pyrazole inhibitors were
successfully prepared and acted as corrosion inhibitors
for C-steel in 1 M HCL

2. The tested inhibitors have good adsorption behavior on
the C-steel due to the presence of effective groups that
enhance the electron-donation process.

3. The adsorption of these pyrazole derivatives decreased
the offensive action of 1 M HCI on the C-steel.

4. The change in E_,, of C-steel in HCI after pyrazole
compounds was within the +85 mV range, indicating the
hybrid nature of these compounds.

S. The studied pyrazole 4 shifted the C-steel’s I, and R,
numeric values to 502 gA cm™> and 2954 Q cm?
respectively.

6. Compound 4 has a higher inhibition performance than
compound 3 as it contains more active centers (benzene
ring) that enforce the adsorption affinity.

7. Temperature enhanced the tested compounds’ desorp-
tion; their IE % decreased, indicating their physical
adsorption behavior at higher temperatures.

8. According to AFM analyses, surface roughness was
considerably alleviated after adding 500 y M of the
corrosion inhibitor 4 to 1 M HCI This confirmed the
PP and EIS results.

9. E,4. values obtained from MCs suggested the under-
studied compounds’ spontaneous and strong adsorption
inclination over the Fe alloy.

10. According to a preliminary analysis, the two synthetic
pyrazole compounds displayed effective antibacterial
properties against SRB.
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