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ABSTRACT: The acid treatment process of production wells is one of the most acid-induced corrosive processes. Corrosion
inhibitors are an effective tool to inhibit the acids employed in acidizing treatments. Herein, new eco-friendly hydrazone-based
compounds, namely, 2-(4-isobutylphenyl)-N-((1E,2E)-3-phenylallylidene) propanehydrazide (IPP) and N’-cyclohexylidene-2-[4-
(2-methylpropyl)phenyl] propanehydrazide (CIP), were prepared through the functionalization of ibuprofen (IBF) and applied for
corrosion mitigation of N80 steel in 15 wt % HCI (referred to hereafter as blank). The anticorrosion performance of selected
compounds was investigated by employing weight loss (WL), potentiodynamic polarization curves (PPCs), and electrochemical
impedance spectroscopy (EIS), complemented by scanning electron microscopy (SEM) and atomic force microscopy (AFM)
analyses. In addition, density functional theory-based tight-binding (DFTB) modeling was conducted to get molecular-level insights
into inhibitor-metal bonding. Experimental results revealed excellent long-term corrosion inhibition efficiency at very low
concentrations of inhibitors and a mixed-type inhibition process. Numerically, N80 steel polarization resistance increased from 5.51
Q cm’ in blank to 608.4 and 396 Q cm? in blank inhibited with 5 X 107> mol/L of IPP and CIP, respectively, equivalent to 99% and
98% inhibition efficiency based on EIS experiments. Besides, SEM and AFM images showed that, after addition to 15 wt % HCI,
inhibitors could effectively prevent the acid attack on the N8O steel surface. The fitting of experimental data to adsorption isotherms
indicated that inhibitors’ adsorption followed the Langmuir isotherm model and mixed physicochemical adsorption on the metal
surface. The DFTB simulation revealed that inhibitor molecules can create covalent and physical interactions with iron atoms, which
is further confirmed by partial density of states (PDOSs) analysis.

1. INTRODUCTION high importance has been given to this research field, as
Carbon steel is an extensively used metal in many fields like oil demonstrated by so numerous scientific papers and patents
and gas transportation, automotive, and aeronautical sectors published in the last three decades.” To overcome this
because of its desirable chemical, physical, and mechanical

properties, availability, and low cost.' > However, despite the Received: August 8, 2022 LANGMUIR
high scientific and industrial development achieved in our era, Revised:  November 24, 2022 B <+

the corrosion of metals and alloys is still the main natural, Published: December 13, 2022
spontaneous, and destructive phenomenon that causes heavy
and sometimes catastrophic losses in industrial or civil
infrastructures in terms of economy and safety.”> Hence,
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challenging issue, various protection methods have been
suggested and developed to enhance corrosion resistance as
well as to reduce the rate of deterioration of metals and alloys.
However, the most reported preventive approaches are
cathodic/anodic protection, coatings, metal alloying, and
corrosion inhibitors.”

The protection of metals against corrosion could be done by
acting on the solution’s state. Inhibitors are widely used
because of their low cost, high efficiency, and easy feasibility.”
Organic compounds with heteroatoms having a single pair of
electrons (N, O, and S), aromatic cycles, and aliphatic and
conjugate bonds are considered efficient corrosion inhibitors.”
Nevertheless, many proposed organic corrosion inhibitors are
toxic with a low inhibition efficiency for practical applications.
In petrochemical processes, to get rid of iron oxide and rust
and other no insoluble products, highly concentrated mineral
acids such as hydrochloric acid (15—20 wt %)'”'" are used
during acid descaling, oil well acidizing, and acid pickling. This
leads to major corrosion issues, especially when acids are
injected with low-performance corrosion inhibitors.'>'* There-
fore, there is an urgent need to develop highly efficient and
nontoxic compounds to inhibit acid corrosion.

Current efforts in our team are devoted to the development
of new corrosion inhibitors with outstanding structural and
electronic properties. In this regard, several nonsteroidal anti-
inflammatory drugs (NSAIDs) were selected for functionaliza-
tion as one of the useful synthetic routes. Developed
compounds have been tested in various corrosive environ-
ments and showed good corrosion inhibition perform-
ance.'”’ 1% In continuation of these research efforts,
ibuprofen (IBF), which is known by its analgesic and anti-
inflammatory activities,'” is functionalized to synthesize new
hydrazone compounds. Despite its wide use, IBF has a poor
water solubility that limits its applications. Hence, along with
producing efficient corrosion inhibitors through this synthetic
route, the functionalization of IBF is also aimed to increase the
solubility of the developed hydrazone compounds. On the
other hand, hydrazones are well-known for their excellent
structural and electronic properties. Their nontoxic nature
makes this organic class of compounds a perfect choice for
mitigating acid corrosion."®

Experimental approaches are widely used to evaluate the
anticorrosion properties of organic compounds. This includes
several electrochemical, chemical, and surface analytic
methods, among others. However, insights into the inter-
actions between the inhibitor molecules and the metal surface
at the molecular level are still unreachable from these
techniques due to the complexity of the corrosion inhibition
process. With the recent major development of hardware and
software technologies, computational methods have made it
possible to get a deeper insight into the inhibitor—metal
interfacial phenomenon.'”*° First-principles density functional
theory (DFT) simulation can be used as to predict the
corrosion inhibition mechanisms.'” However, the implementa-
tion of the ab initio DFT method can be a very time-
consuming process for large adsorption systems. In this regard,
the DFT-based tight-binding (DFTB) method, which is as
accurate as the ab initio DFT method and much faster than it,
can be an excellent alternative for simulating large
systems.lz’m’22 In contrast to quantum chemical parameters
derived from fitted DFT calculations, DFTB can provide
insights into the charge transfer and bonding characteristics
between adsorbed molecules and the metal surface, facilitating

a more comprehensive description of the corrosion inhibition
mechanism. However, when considering the adsorption of
organic molecules on metal surfaces, solid/water is the more
relevant interface as the adsorption is competitive, and several
competing effects such as water—surface, molecule—water, and
molecule—surface affect the adsorption energy.””** Also, in
real conditions, the metal surface is not clean and contains
many chemical species such as solvent molecules while the
solid/vacuum interface represents a clean metal surface.”
Herein, the simulation results refer to the solid/vacuum
interface for purely modeling reasons. Even so, another vital
point to keep in mind is the significant gaps in time and length
scales in the simulations relative to the experiments. Hence, the
presented results should be taken cautiously. The main focus of
the simulation section of the present work is to get initial
insights into the chemistry of inhibitor—molecule—metal
bonding and not intended for direct correlation with
experimental findings.

Furthermore, several reports highlighted the very limited
contribution of quantum chemical parameters and molecular
dynamics simulation to understanding the corrosion inhibition
process.”® Quantum chemical parameters provide basic
information about the reactivity of inhibitor molecules without
considering the metal surface and solvent, thus giving little
physical insights, while classical molecular dynamics cannot
describe bond formation/breaking except in the case of
reactive force fields.””*” Given these limitations, in the present
work, a specific focus will be given to DFTB simulations while
other theoretical calculations will be reported as Supporting
Information.

Considering the above-mentioned facts, we report herein the
corrosion inhibition properties and adsorption characteristics
of two hydrazone derivatives derived from ibuprofen, namely
2-(4-isobutylphenyl)-N-((1E,2E)-3-phenylallylidene) propane-
hydrazide (IPP), and N’-cyclohexylidene-2-[4-(2-
methylpropyl)phenyl] propanehydrazide (CIP) for N8O steel
corrosion in 15 wt % HCI solution. Weight loss measurements,
potentiodynamic polarization and electrochemical impedance
spectroscopy were performed to evaluate the corrosion
inhibition performance of investigated hydrazones. The surface
morphology of the N80 steel was analyzed using a scanning
electron microscopy (SEM) and atomic force microscopy
(AFM). In addition, comprehensive DFTB simulations were
conducted to investigate the adsorption characteristics of
studied molecules on the steel surface, aiming to propose a
more accurate description of the corrosion inhibition
mechanism.

2. MATERIALS AND METHODS

2.1. Synthesis of Compounds, Materials, and Solutions.
Chemical and electrochemical experiments were performed using
N80 steel having the following composition (in wt %): 0.31% C,
0.19% Si, 0.92% Mn, 0.01% P, 0.008% S, 0.2% Cr, and balance Fe.
N80 steel samples were cut into 2.5 cm X 2 cm X 0.025 cm and 5 cm
X 0.7 cm X 0.3 cm for weight loss and electrochemical tests. Details
about sample preparation and chemicals have been reported in our
recent work.”® The investigated compounds were prepared according
to the procedure reported in the Supporting Information, and a
concentration range of 1 X 107* - § X 1072 mol/L was used in all
experiments after several pretrial tests.

2.2. Gravimetric Measurements. The gravimetric method is a
very fundamental corrosion measurement technique. Weight loss tests
were carried out for N80 steel samples immersed in blank and
inhibited solutions using various concentrations of IPP and CIP
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compounds at 303 K. To ensure the reproducibility of results, weight
loss tests were repeated three times with +5—7% difference between
tests. More details about weight loss tests and experiment standards
can be found in our previous work®® and ASTM standard.”® The
corrosion rate (Cg) inhibition efficiency (17yw:(%)), and surface
coverage () were used to evaluate the effect of tested compounds on
the corrosion of N80 steel in 15 wt % HCI by applying the following
eqs 1-3:

_ Kx Am
R7 Axtxp

(1)

Cpo — Copi
K"K % 100
Cpo

%) =
1.(%) 2)

_ Cre—Cx
Cre

0
(©)

In eq 1, K and p are constant (K = 8.76 X 10% p = 7.86 g/cm?), while
t, A, and Am represents the immersion time, the steel surface area,
and the weight loss of the steel samples at time t. In egs 2 and 3, Cg.
and Cy' denote the corrosion rate without and with different inhibitor
concentrations, respectively.

2.3. Electrochemical Measurements. A classical three-electrode
system connected to a Corrtest potentiostat/galvanostat model
CS350 was used to perform all electrochemical measurements. The
N80 steel was used as a working electrode, while a saturated calomel
electrode (SCE) and platinum wire were used as a reference electrode
and counter-electrode (CE). An open circuit potential (OCP) test
was launched 0.5 h before every electrochemical experiment to reach
the steady state condition. All EIS measurements were performed by
applying an alternating current with an amplitude of S mV in the
frequency range of 100 kHz to 100 mHz. The EIS data were fitted and
simulated to the appropriate equivalent circuits using EC-Lab
software. PPCs were determined in a corrosion potential range of
+250 mV from open circuit potential (OCP) at a scan rate of 1.0
mV/s. The polarization resistance R, and corrosion current densities
i.ore Values obtained from EIS and PPCs tests were used to determine

Leorr

the inhibition efficiency using eqs 4 and S, respectively:

i o

Mgrs(%) = p_ip X 100
R,

(4)

e}
corr

-1
TCO" X 100
lCOlT (5)

where R, ig,, and Ri,, i,y denote the polarization resistance and
corrosion current density values without and with concentration of
inhibitors, respectively.

2.4. SEM and AFM Analyses. The N80 steel morphology and its
roughness roughness/smoothness were evaluated through SEM and
AFM after 24 h immersion in blank and HCL solutions inhibited with
5 %X 1072 mol/L of inhibitor at 303 K. The N80 steel samples were
prepared following the same procedure described in section 2.1, then
analyzed using a field emission scanning electron microscope (FE-
SEM, MIRA3 model, TESCAN, Czech Republic) operated at 15 kV.
The surface topography and roughness of the corroded and inhibited
samples was evaluated using AFM (Park XE-100: Atomic Force
Microscopy, Suwon, South Korea) at 10 cm X 10 cm and 5 cm X S
cm scan ranges for uninhibited and inhibited samples in a contact
mode. AFM image processing was conducted using Gwyddion
modular software.

2.5. Theoretical Calculations. 2.5.7. Quantum Chemical
Parameters. DFT calculations were applied to provide useful
information into structural and electronic properties of investigated
compounds and reveal where the active donor/acceptor sites are
located. Global and local reactivity descriptors were generated using
the Generalized Gradient Approximation (GGA) functionality with
PBE parametrization and double numerical basis sets plus polarization
(DNP) using Dmol3 code® implemented in Materials Studio

15939

software. The aqueous phase was modeled using the COSMO
solvation model.”’ All geometry optimization parameters were
equivalent to “fine” quality in Dmol3 code.

2.5.2. DFTB Simulations. Interactions between inhibitor molecules
and the iron surface surface were investigated at molecular level using
spin-polarized self-consistent charge DFTB (SCC-DFTB) calcula-
tions. The trans3d Slater—Koster parameters were implemented to
describe the interaction between inhibitor molecules and the iron
surface. Besides, an empirical dispersion correction was applied. To
speed up the convergence, 0.01 smearing, SCC tolerance set to 1075,
and Broyden mixing scheme were used. Other convergence thresholds
were equivalent to “fine” quality in the DFTB+ code. Details about
simulation cell construction and DFTB optimization are available in
our recent work.”® All calculation were performed using the DFTB+
software.”> The interaction energy (Ei,..) was calculated to evaluate
the interaction strength of compounds with the iron surface using the
equation bellow:

Einter = EMol/su.rf - (Esurf + EMQI)

(6)

where Eppyi/surp Eoup and Eyy, refer to the total energy values of
inhibitor-Fe(110), the Fe(110) slab, the isolated molecule,
respectively.

2.5.3. Molecular Dynamics Simulations. The most stable
adsorption configurations of a single molecule of IPP and CIP
compounds on the surface of Fe(110) were studied by MD simulation
using the Forcite module of Materials Studio. To this end, the unit
cell of Fe, exported from the database of Material studio software, was
cleaved at the surface (110) and replicated S times in the x- and y-
directions to obtain a supercell. To reduce the effect of periodic
replicas, a space of 30 A was inserted at the z-axis of the created
supercell. After adding 1680 water molecules, 10 CI7, 10 H;O", and
the optimized inhibitor molecules into the supercell, the adsorption
system was geometrically optimized according to the Smart algorithm.
Molecular dynamics simulation was carried out under the NVT
ensemble (canonical, i.e, the number of particles N, the volume V,
and the temperature T of the system were kept constant), 303 K, 1 fs
time step, and 5000 ps simulation time. The COMPASS force field
was used in the whole process.”® Other simulation parameters were
equivalent to “fine” quality in the Forcite module.

3. RESULTS AND DISCUSSION

3.1. Gravimetric Measurements. Gravimetric tests for
N80 steel samples in 15 wt % HCI without and with various
inhibitor concentrations were performed after 24 h immersion
period at 303 K, and the resultant parameters are shown in
Table 1 and Figure S1 (Supporting Information). Weight loss
tests can provide general information on the dissolution of
steel samples in blank and inhibited solutions. Although it is a
simple measurement, it can help estimate the speed of metal

Table 1. Effect of IPP and CIP Concentrations on the
Corrosion Rate of N80 Steel in 15 wt % HCI Solution at 303
K

[inhibitor] (mol/L) W (mm/y) () wi (%)
blank 22 + 0.024
IPP
5x1073 0.880 + 0.057 0.96 96.00
1x1073 1.100 + 0.078 0.95 95.00
5x107* 1.430 + 0.043 0.93 93.50
1x107* 2420 + 0.064 0.89 89.00
CIP
5x1073 1.100 + 0.056 0.95 95.00
1x1073 1.364 + 0.089 0.93 93.80
sx107* 1.760 + 0.063 0.92 92.00
1x107* 2.860 + 0.022 0.87 87.00
https://doi.org/10.1021/acs.langmuir.2c02132
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degradation. The corrosion rate calculated from weight loss
tests is substantially decreased after adding inhibitors to 15 wt
% HCI. It goes from 22 mm/year for the blank solution to 0.88
and 1.1 mm/year in the inhibited solutions with IPP and CIP
inhibitors, respectively. An increased dosage of inhibitors leads
to a very low corrosion rate compared to a blank sample,
signifying that added inhibitors create a barrier against acid
corrosion.

Consequently, the corrosion inhibition efliciency follows the
same trend; a higher concentration of inhibitors leads to an
increased inhibition efficiency value. This effect is mainly
associated with a change in the steel/electrolyte interface due
to inhibitor molecules’ adsorption on the steel surface and the
repletion of water molecules. This assumption can further be
confirmed and explained by electrochemical results.

Reviewing literature from previous researchers shows that
several compounds were reported as corrosion inhibitors for
steel in 15 wt % HCI. Some of the recent organic compounds
used as corrosion inhibitors for steel in 15 wt % HCI are listed
in Table S1 (Supporting Information) with their experimental
conditions. Despite the differences in experimental conditions,
it can be observed that all listed inhibitors exhibit good
anticorrosion properties. The IPP and CIP hydrazones show
good inhibiting performance toward the N80 steel corrosion in
the simulated corrosive medium at 303 K, which stemmed
from their electron-rich molecular structures that contain
several heteroatoms and functional groups able to act as
adsorption sites when interacting with the N80 steel surface.

3.2. Potentiodynamic Polarization Tests. The corrosion
kinetics of anodic and cathodic reactions of N80 steel in 15 wt.
% HCI without and with various inhibitor concentrations at
303 K are evaluated by potentiodynamic polarization curves.
The results are shown in Figure 1. Electrochemical kinetic
parameters such as corrosion potential (Ecor), corrosion
current density (i), anodic and cathodic Tafel slopes (fa,
fc) determined by Tafel extrapolation of linear segments of
PPCs are tabulated in Table 2 along with inhibition efficiency
values.

A visual analysis of results in Figure 1 shows a significant
decrease in anodic and cathodic current densities after adding
different hydrazones concentrations to 15 wt.% HCI solution.
The PPCs shape remains almost unchanged in the cathodic
domain after adding inhibitors to the acid solution while a
substantial decrease of current density is noticed. This
behavior at cathodic potential suggests that inhibitors do not
affect the cathodic reaction mechanism (hydrogen evolu-
tion).>* A similar remark can be drawn for anodic branches of
PPCs, which also decrease up to =300 to —200 mV/SCE, from
which the PPCs suddenly increased, especially for 5 X 1073
mol/L of inhibitors. However, even at more anodic potentials,
inhibitors still remarkably affect the anodic corrosion reaction.
Such behavior is mainly attributed to the desorption of
adsorbed molecules at more positive potentials, usually called
desorption potential.'” The remarkable shift in current
densities toward lower values is accompanied by almost no
changes in the corrosion potentials, suggesting that both
inhibitors simultaneously decrease the kinetic of anodic and
cathodic N80 steel corrosion reactions by exerting a mixed
inhibition effect.

The data analysis in Table 2 confirms the decrease in
corrosion current density (i) values in the presence of
inhibitors. For instance, i, values reach 51 yA cm™2 for IPP,
and 68 yA cm™? for CIP compared to a blank (1711 uA cm™2),

0.1
0.01 4
~0.001 4
=
N
< 1E-4+
1E-5 4 : [~—Blank |
——110* M
1E-6 + —o—5x10% M
—e—1x10° M
-3
1E-7 T T T T T SX10I M
700 600 -500 -400  -300  -200
E(mV/SCE)
0.1
0.01 4
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=
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< 1E4
1E-5+ Al ——Blank
——1x10* M
—o— 510 M
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-700 -600 -500 -400 -300 -200
E(mV/SCE)
Figure 1. Potentiodynamic polarization curves of N80 steel

determined from blank and inhibited 15 wt % HCI solutions at 303
K: (a) IPP and (b) CIP.

signifying the high inhibition effect of inhibitors on the steel
corrosion process. In addition, results reveal no significant
changes in anodic and cathodic Tafel slopes and a slight
displacement of 17 mV/SCE in corrosion potentials toward
the cathodic domain. It is well-reported that a long-range
corrosion potential displacement of the order of 80 mV in
anodic or cathodic directions indicates an anodic or cathodic
characteristic of the tested compound.””™" From data in
Figure 1 and Table 2, we can notice a slight shift of corrosion
potential values to the cathodic direction, except 107* and § X
10™* mol/L of CIP. This small corrosion potential displace-
ment indicates that, at higher concentrations, investigated
compounds tend to block the cathodic corrosion reaction
more than the anodic one. However, given the very small shift
of corrosion potential values, tested compounds are far from
being classified as cathodic corrosion inhibitors. Therefore,
their mixed-type characteristic is well-confirmed.

A concentration-dependence effect is observed for both
inhibitors in terms of inhibition performance. The inhibition
efficiency increases by increasing the inhibitor dosage and
reaches a maximum of 97% and 96% for IPP and CIP,
respectively. However, both inhibitors show excellent inhib-
ition performance at all studied concentrations. For instance, at
a low concentration of 10™* mol/L, IPP and CIP keep good
performance of 90% and 89%, respectively.

3.3. EIS Measurements. The EIS plots in Nyquist and
Bode forms for N80 steel corrosion are determined without
and with various inhibitor concentrations at 303 K temper-
ature. As illustrated in Figure 2a and b, Nyquist diagrams show
a single capacitive loop and an increased diameter of the

https://doi.org/10.1021/acs.langmuir.2c02132
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Table 2. Electrochemical Parameters of N80 steel in 15 wt % HCI without and with Various Concentrations of IPP and CIP
and Corresponding Inhibition Efficiency Values at 303 K

[inhibitor] (mol/L)

—E,(mV vs SCE)“

—p.(mV dec!)?

blank 440 111
IPP
5% 1073 446 96
1x 1073 457 107
5x 1074 447 98
1x107* 450 109
CIP
5% 1073 449 91
1x 1073 445 113
5x 1074 430 97
1x107* 427 115

ﬂa(mV dec_l)c icor(HA Cm_z)d TppP (%)
90 1711
103 51 97.01
105 68 96.02
102 920 94.73
14§ 171 90.00
104 68 96.02
106 86 94.97
100 103 93.98
108 188 89.01

“The standard deviation range for E,,: [3.1-6.3%]. bThe standard deviation range for . [5.2—7.5%]. “The standard deviation range for f3,: [3.7—
6.2%). “The standard deviation range for i ,,: [4.7-7.9%].
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Figure 2. Nyquist and Bode diagrams of N80 steel in 15 wt % HCI with and without various concentrations of inhibitors: (a, ¢) IPP and (b, d) ICP.

capacitive half loops with increasing inhibitor concentration. It
signifies that inhibitors’ performance is a function of their
concentration and that a charge transfer mechanism controls
the corrosion and corrosion inhibition processes. The
significant increase in diameter of the capacitive half loops
after adding an increasing amount of inhibitors is mainly due
to the formation of a barrier film on the N8O steel surface, thus
limiting the charge transfer.”® In addition, the spectra show half
loops with a depressed center below the real axis as an
indicator of the heterogeneous nature of the electrode
surface.’”””*'" The Bode phase angle plots vs frequency are
shown in Figure 2c¢ and d. As shown in the figure, Bode
diagrams display only one time constant at all concentrations,
suggesting only one relaxation process and increased phase
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angle values with the increase of inhibitor concentration. The
inhibitors’ adsorption can also be confirmed by the noticeable
broadening at the intermediate frequencies. Besides, given the
fact that all maximum phase angle values are lower than the
maximum possible phase shift, i.e., —90°,*? results confirm the
nonideal behavior attributed to the heterogeneous nature of
the steel surface.”*~*' It has been reported that the phase angle
values at higher frequencies can be correlated with the
corrosion protection performance.%’44 From results in Figure
2¢ and d, we notice that the phase angle values at 3 kHz
increase with increasing inhibitor concentration, suggesting an
increased corrosion inhibition performance.

Figure S2 shows the equivalent electrical circuit (EEC) used
to fit experimental EIS results. An excellent parametric fit of
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Table 3. EIS Parameters for N8O Steel in Blank and 15 wt % HCI Inhibited with Different Concentrations of IPP and CIP at

303 K
[inhibitor] (mol/L) R,(Q cm?) n®
blank 551 + 1.3 0.837 + 0.004
IPP
5% 1073 608.4 + 1.5 0.836 + 0.003
1x1073 393.6 + 1.7 0.830 + 0.001
5x107* 196.6 + 1.6 0.812 + 0.009
1x107* 69.75 + 1.2 0.856 + 0.005
CIP
5% 1073 396 + 0.4 0.845 + 0.005
1x 1073 213.1 + 1.6 0.817 + 0.004
5% 1074 151.1 + 1.3 0.839 + 0.007
1x107* 65.05 + 0.8 0.849 + 0.008

Q (U™ s" cm )¢ Ry(Q cm?)? Cera(uF cm %) Mexs (%)
697.8 + 1.353 1.50 174
182 + 2.045 1.22 34 99.09
223 + 1.643 1.17 41 98.60
387 + 1.712 1.25 65 97.20
491 + 1.234 1.24 140 92.11
231 + 1.546 1.08 S50 98.61
314 + 0.673 2.26 61 97.41
405 + 0.534 2.79 109 96.36
513 + 1.564 1.40 141 91.54

“The standard deviation range for R,: [6.7—7.1%]. YThe standard deviation range for n: [4.3—8.2%]. “The standard deviation range for Q: [5.7—

8.3%]. 9The standard deviation range for R;: [4.6—7.9%].

the experimental impedance spectra for all concentrations is
achieved using this EEC. In the equivalent circuit in Figure S2,
R; refers to the solution resistance, R, is the polarization
resistance, CPE(Q, n) is the constant phase element, with Q
denoting the CPE constant and n being the heterogeneity
measure. Table 3 regroups all parameters derived from EIS
tests along with the calculated inhibition efficiency of all
concentrations. In the EEC, the CPE has been used to model
the nonideal capacitor. The relationship between the CPE and
the impedance is represented by the following eq 7.

1
7 - -
LT Q)" )

where j and @ denote the imaginary number and the angular
frequency, respectively.

The Brug equation® was used to calculate the effective
capacity Cegr a1

n—1/n
Cotral = Q;l/n X RL + RL

: P (8)
The inhibitors’ performance is estimated numerically by
determining the corrosion inhibition efficiency using polar-
ization resistance, which is the sum of all resistances at the
steel/electrolyte interface. Hence, parameters obtained from
fitting EIS data and inhibition efficiency values are determined
and reported in Table 3.

From Table 3, the values of R, are increased with an increase
in the concentration of IPP and ICP and are larger than blank.
For IPP, the R, reaches a value of 608.4 Q cm?, while that of
CIP increase to 396 Q cm? compared to the blank test, which
is associated with a very low polarization resistance of 5.51
cm?. Besides, it can be observed that the C,py values
significantly decreased after the addition of increasing dosage
of inhibitors. It has been stated that “the significant decrease in
the capacitance values can be attributed to an increase in the
thickness of the double electric layer due to the inhibitor’s
adsorption on the metal surface”’.”>*® In this situation, the
adsorption of inhibitor molecules leads to the modification of
the double layer behavior due to the inhibitor film formed on
the steel surface.””*® That is said, the strength of adsorption is
associated with inhibitors’ molecular structures and the stable
adsorption geometry over the steel surface. Deep insights
about this will be given in theoretical sections. The inhibition
efficiency calculated from EIS shows an increasing trend
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similar to that obtained from PPCs. The inhibition efficiency of
investigated compounds reaches a high value of 99% and 98%
for IPP and CIP, respectively. In addition, inhibitors have a
strong inhibition effect on acid corrosion of N80 steel at very
low concentrations, i.e., an inhibition efficiency higher than
90% at 10~* mol/L.

On the other hand, the corrosion inhibition performance of
investigated inhibitors is evaluated at longer immersion times
to examine the stability of the adsorbed inhibitor layer. To this
end, EIS experiments were performed for steel in 15 wt % HCI
at different immersion times (1—24 h), in the presence of 5 X
107 mol/L of IPP inhibitor. Experiments were limited to 24 h
given the fact that it is enough time to protect tubings against
corrosion. Hence, useful information about tested compound’s
ability to protect N80 steel can be obtained. Figure S3
(Supporting Information) represents Nyquist plots of N8O
steel in 15 wt % HCI inhibited with § X 107> mol/L IPP at
different immersion times.

The radius of depressed semicircles in the Nyquist curves
increased at early immersion periods (1 and 6 h), reaching its
maximum at 12 h with a value of 700  cm® The polarization
resistance values, starting with a value of 608.4 (Q cm?) in the
first hour of immersion and decreased to a value of 451.3 Q
cm?® after 24 h. The results show that the inhibition effect
reaches its maximum at 12 h and then starts decreasing. At the
early immersion stage, inhibitor molecules adsorb on the N80
steel surface, creating a multilayer of inhibitor molecules
covering a wide surface area. However, an increased amount of
inhibitor molecules will increase their density, favoring the
desorption of molecules from the steel surface because of van
der Waals force between adsorbed molecules. In this situation,
the created inhibitor layer loses its stability.** With this said,
the investigated inhibitor still keeps high corrosion protection
of N8O steel at 24 h. This may be explained by the strong
bonding between inhibitor molecules and vacant iron d-
orbitals.

3.4. Adsorption Isotherm. Adsorption isotherms are one
of the essential tools for getting insights into the adsorption
mode of inhibitor molecules on the metal surface. In the
present work, it is well-confirmed from electrochemical
impedance results that the addition of inhibitor molecules to
15 wt % HCI decreases the effective double layer because of
the increased thickness of formed inhibitor film as a result of
inhibitor adsorption. Therefore, several adsorption isotherms
are fitted to experimental data from weight loss methods to
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Figure 4. AFM topographical analysis of N80 steel immersed in blank (a) and HCl solution inhibited with IPP (b) after 24 immersion time. (a’,a

and (b’b”) represent the 2D images.
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determine the most suitable adsorption isotherm model.
However, among tested isotherms, the model of Langmuir
was found more appropriate for the description of the
adsorption process of hydrazones on N80 steel surface. The
linear relationships of Ci,/0 vs Cy, (Ciyp: inhibitor
concentration) representing the Langmuir isotherm is shown
in Figure S4 (Supporting Information). The Langmuir
adsorption isotherm is expressed by the following eq 9:

Cinh 1

— =+ Cinh
0 Kads (9)

where 6 is the surface coverage obtained from weight loss
measurements and Kq, is the adsorption equilibrium constant.

The plot in Figure S4 (Supporting Information) is a straight
line with a correlation coefficient (R*), and slope values are
close to 1 for IPP and CIP inhibitors, as indicated in Table S2
(Supporting Information). The Langmuir constant K4 value is
calculated from Figure S4 based on the intercept of the straight

lines of Cy,;,/0 versus Cyy; its relationship with AG,q, is given
by the following eq 10:

AGY, = —RT In(K 4 X 55.5) (10)

where R is the universal gas constant (8.314 J K™' mol™") and
T is the absolute temperature (303 K); SS.5 represents the
numerical equivalent of the molar concentration of H,O in
mol/L. The calculated values of K, and AG,4, are given in
Table S2 (Supporting Information).

The Langmuir isotherm model is based on the following
assumptions: inhibitor molecules are adsorbed on well-defined
sites of the steel surface in an identical way and independently
of the adjacent sites. It means a homogeneous surface without
congestion between adsorbed molecules. Looking at the results
in Table S2 (Supporting Information), one can notice large
negative values of the standard free energy, suggesting that
inhibitor molecules absorb by an appreciable extent on the
N80 steel surface. On the other hand, according to previous
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Figure 5. Optimized adsorption geometries of IPP and CIP molecules on the Fe(110) surface obtained via DFTB calculations: (a) side view and
(b) top view. All optimized bond lengths are in A.

(a)

works,” ™" the type of adsorption can be predicted from the
AG,y, value as follows: The inhibition mechanism is classified
as physisorption if the AG,4, value is up to —20 kJ/mol
However, a AG,4, value more negative than —40 kJ/mol is an
indicator of chemical adsorption. The calculated values of
AG,4, range from —20 to —40 kJ/mol, which is typically
classified as a mixed adsorption process; i.e., the inhibition
action is a physicochemical adsorption process.””>’

Heteroatoms of hydrazone inhibitor molecules can imme-
diately get protonated in a strong acidic medium. Bearing in
mind that chloride ions are quickly adsorbed on the N80 steel
surface, physical interactions would be the first step that
promotes the adsorption of inhibitor molecules on the metal
surface. When inhibitor molecules approach the metal surface,
there will be high chances for chemical interactions between
molecules’ active sites such as heteroatoms and aromatic rings
and vacant d orbitals of iron atoms. Also, when strong charge
transfer from molecules to steel surface occurs, electron-back-
donation from steel surface to empty 7* of inhibitor molecules
would remove the excess of electron density. This will make
the adsorption of inhibitor molecules stronger and more stable.
The theoretical sections will discuss more details about the
corrosion protection mechanism.

3.5. SEM Analysis. SEM analysis is a valuable surface
characterization technique to evaluate the morphological
changes observed before and after adding inhibitors for 24 h
in 15 wt % HCI solution. Figure 3 shows SEM images of N80
steel in its corroded and inhibited conditions. Without
hydrazone inhibitors, i, in the blank test (Figure 3a), a
highly damaged steel surface morphology can be observed with
several unstructured corrosion products. However, the N80
steel surface becomes smooth without severe corrosion attack
after the addition of 5 X 107 mol/L of inhibitors. These
morphological changes are due to the effective adsorption of
inhibitor molecules on the N80 steel surface, creating a barrier
against corrosion attack.
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3.6. AFM Topographical Analysis. The corrosion
protection performance of the compounds in this study is
further investigated using atomic force microscopy. The total
roughness of the whole scan area of the corroded and inhibited
N80 steel surface can provide helpful information about the
effect of the inhibitor’s addition to HCI solution on the surface
morphology of N80 steel. The 3D and 2D AFM surface
topographies of N80 steel immersed in 15 wt % HCI without
and with 5 X 107> mol/L IPP are shown in Figure 4. In
addition, 2D images show the line scans for measuring the
surface roughness of samples in two different areas. It is
observed that corroded N80 steel exhibits an irregular and
rough surface consistent with SEM images of corroded N80
steel. The absolute roughness value (R,) of N80 steel in 15 wt
% HCl is 131 nm. However, the surface of N80 steel immersed
in 15 wt % HCI with an optimum inhibitor concentration can
be considered macroscopically flat, with R, decreasing to 53
nm, compared to values of the blank test. The same can be said
about parameters derived from line scans of specific parts of
corroded and inhibited N80 steel samples. For the blank test,
R, values are 61.93 and 35.69 nm for Figure 4a’ and a’,
respectively, which decrease to 14.47 and 16.89 nm for Figure
4b’ and b”, respectively, after the addition of inhibitor to the 15
wt % HCIL These morphological differences confirm that the
inhibitor significantly decreases the corrosivity of the HCI
solution by forming a protective inhibitor layer limiting the
acid attack.

3.7. Density-Functional Based Tight Binding (DFTB).
3.7.1. Energetic and Geometries. Experimental studies of
corrosion inhibition are fundamental for estimating the
performance of investigated corrosion inhibitors and the
mechanism by which the inhibition is achieved. However, it
is hard to get many aspects of the adsorption process from
experiments. That is why theoretical simulations are frequently
used to understand better the adsorption geometries of studied
inhibitors and other physical insights that are not available
from the experiment.””>" Bearing this in mind, the present
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Figure 6. Projected density of states of inhibitor-Fe(110) adsorption systems: (a, b) PDOS of isolated molecules and (c, d) PDOS of adsorbed

inhibitor molecules on the Fe(110) surface.

section reports the theoretical simulation results of the
interactions between investigated inhibitor molecules and
Fe(110) surface. Snapshots of the most stable adsorption
geometries of the studied inhibitors over the Fe(110) surface
obtained by DFTB simulations are shown in Figure S. A visual
inspection reveals that both inhibitor molecules adsorb on the
iron surface in a near parallel disposition, the most frequent
adsorption mode of large organic molecules on metal
surfaces.”'

After geometric optimization, the IPP molecule forms
several covalent bonds with iron atoms with distance lengths
between 1.90 and 2.15 A. Several bonds are formed between
IPP’s carbon atoms and iron surface. The nature of the
bonding can be classified from the sum of covalent radii for
Fe—C. It is known that the sum of the covalent radii for Fe—C
is rc + rpe = 2.08 A.>° The Fe—C distances range between 2.1
and 2.15 A, suggesting that chemical bonds are formed
between IPP’s carbons and Fe atoms. In addition, the oxygen
atom of the carbonyl group also has a covalent interaction with
the iron surface, as indicated by the Fe—O distance (1.90 A)
that is within the sum of covalent radii for Fe—O (rg + rp
1.98 A).>®> On the other hand, it should be noted that the
ibuprofen moiety of the IPP molecule has no chemical
interactions with Fe atoms.

In the case of the CIP molecule, like the IPP molecule,
atoms of the carbonyl group are also bonded to the Fe surface
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with bonding distances lie in between 1.84 and 2.18 A, which is
close to the sum of their covalent radii (rg + 15, = 1.98 A and
rc + rpe = 2.08 A).>> Besides, carbon atoms of the ibuprofen
moiety form two Fe—C bonds with distances between 2.11 and
2.18 A, which also fall within sum of their covalent radii, thus
implying covalent interactions. Unlike carbon and oxygen
atoms, nitrogen atoms of both molecules do not form any
bond with the iron surface. The Fe—N bond distances are
within 3 A; it leads us to guess that nitrogen atoms might
physically interact with the iron surface. Such interactions are
highly possible due to the strong affinity of nitrogen atoms to
protonation.

In terms of interacting energies, IPP and CIP have
interaction energies of —1.33 and —1.19 eV, respectively.
Both adsorption systems’ strong negative interaction energies
might also involve the contribution of physical interactions.
Besides, the IPP molecule has a higher interaction energy than
that of CIP, mainly due to the higher contribution of -
molecular orbitals.’® This is obvious from the several covalent
bonds formed between the IPP molecules and Fe surface
compared to only four covalent bonds between CIP molecules
and iron atoms.

3.7.2. Projected Density of States. The geometrical
optimization of the inhibitor-Fe(110) adsorption systems
shows that inhibitor molecules can form covalent bonds with
iron atoms. However, further investigation and analysis of the
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Figure 7. Schematic representation showing the potential interactions between inhibitors’ active sites and the iron surface. The IPP molecule is

selected as a reference example.

adsorption systems are needed to confirm the nature of
inhibitor-Fe(110) interactions. The partial density of states is a
valuable tool for investigating the binding and charge transfer
characteristics between inhibitor molecules and the iron
surface. The differences in chemical states between adsorbed
and isolated inhibitor molecules can prove whether a charge
transfer is absent or present.”®*” The partial density of states
(PDOSs) of isolated inhibitor molecules were determined after
placing them far from the iron surface by 7 A. PDOSs of
adsorbed molecules are also determined after full DFB
optimization, as represented in Figure 6. Fe 3d states are
found inside the energy gap of the inhibitor molecules; thus, all
states are limited to a —5/+5 energy range.58

A comparison between the chemical states of isolated
(Figure 6a,b) and adsorbed (Figure 6¢c,d) inhibitor molecules
reveals the presence of significant overlaps between the PDOSs
of molecules atoms and iron atoms in the studied energy range.
Therefore, strong charge transfer and hybridization are
expected to occur upon the adsorption of molecules on the
Fe(110) surface. The iron atoms’ outer vacant d orbitals offer
high possibilities for charge transfer. Interestingly, the PDOSs
of adsorbed molecules (Figure 6¢,d) show a high shift toward
low energies compared to isolated molecules, which indicates a
stable adsorption system.”” Also, after the adsorption of
inhibitor molecules on the iron surface, we notice a significant
change in shape and intensity of peaks compared to isolated
states, confirming that a strong electronic state hybridization
occurs.'” This is strong evidence for the dominant charge
transfer between the inhibitors’ active sites and vacant iron d
orbitals."”

3.8. Corrosion Inhibition Mechanism. Corrosion
inhibitors are now widely used to slow down the dissolution
of the material. The inhibition process consists mainly of
changing the surface termination of the metal and then
creating a barrier against corrosion attack. However, despite
the greater amount of literature dealing with corrosion
inhibitors, a complete fundamental understanding of the
corrosion inhibition process still has many gaps.60 Therefore,

it is of paramount importance to contribute to this effort,
aiming to create a knowledge-based approach to developing
effective corrosion inhibitors. In this work, newly synthesized
hydrazones were found to be highly effective against acid
corrosion in a highly concentrated HCI solution. First insights
about the inhibition mechanism were obtained from EIS tests,
which revealed that increasing inhibitor concentrations led to
modifications of the double-layer behavior. It was found that
increasing the amount of inhibitors increased the double layer
thickness, which decreased the effective double-layer capaci-
tance. It confirms that, like most organic inhibitors, present
compounds exert the inhibition by adsorbing on the metal
surface. Besides, ab initio modeling was employed to interpret
and analyze the interactions between inhibitor molecules and
the iron surface. We found that, in both cases, inhibitor
molecules chemically coordinate with iron atoms through a
charge transfer process that is confirmed by the strong
hybridization of s and p states of inhibitor molecules. The
atoms of the carbonyl group had a stronger affinity to the iron
surface, whereas no covalent bonds were formed between
nitrogen atoms and the iron surface. It is mainly attributed to
long-range van der Waals interactions between N atoms and
iron surface. In real conditions, such interactions are the first
contact between inhibitor molecules and the iron surface.

It is well-known that inhibitor molecules get protonated in
an acidic medium.®" On the other hand, it has been widely
reported that the steel surface is positively charged in HCI
media.”*®* The potential of zero charge (PZC) analysis
conducted on many steel/inhibitor interfaces confirms the
positive charge of steel surface in inhibited HCI mediums.®*~%°
Thus, chloride ions will quickly adsorb on the positively
charged metal surface, creating an excess negative charge and
physically interacting with protonated inhibitor molecules.®®
When inhibitor molecules are close to the iron surface,
chemical interactions can occur through charge transfer
between the molecules’ active sites and iron atoms’ outer
unfilled d orbitals. In addition, there is also a high chance for
the retro-donation process from the metal to antibonding
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orbitals of inhibitor molecules to reduce the excess charge on
the metal.***”*® A graphical representation of the proposed
mechanism is shown in Figure 7.

4. CONCLUSIONS

In the present work, novel hydrazone compounds were
synthesized by functionalizing the NSAID ibuprofen and
applied for corrosion mitigation of N8O steel in a strong acidic
medium (15 wt % HCl). A combined experimental and
theoretical approach consisting of chemical, electrochemical,
FE-SEM, and ab initio DFTB modeling was used to investigate
the corrosion inhibition performance and interaction mecha-
nism of tested compounds with the N80 steel surface.
Electrochemical results indicated that both inhibitor molecules
effectively adsorbed on the N80 steel surface by forming an
inhibitor film, thus significantly lowering the effective double
layer capacitance. Also, results showed that the investigated
compounds had a strong inhibition effect on both anodic and
cathodic corrosion reactions. The compounds under study
exhibited a higher corrosion inhibition at very low concen-
trations; at 10™* mol/L, the inhibition efficiency was 92% and
91%, then increased to 99% and 98% at 5 X 10> mol/L for
CIP and IPP compounds, respectively. The adsorption of the
investigated compounds followed the Langmuir isotherm
model, while the calculated thermodynamic parameters
supported the physicochemical nature of adsorption. FE-
SEM and AFM analyses supported the high performance of the
tested compounds, which was revealed from the significantly
smoother surface morphology compared to the control test.
DFTB simulation revealed that inhibitor molecules can create
covalent and physical interactions with iron atoms, which was
further confirmed by PDOSs analysis. The combined
experimental and theoretical approaches used in the present
study provided valuable insights into the interaction mecha-
nisms and inhibition performance of selected compounds,
which can be used as strong knowledge-based results for future
explorations.
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