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Abstract

The ability of (2-methoxy-2-oxoethyl)quinolinium bromide (Qui*, Br~) and (2-methoxy-2-
oxoethyl) iso quinolinium bromide (isoQui*, Br~) were investigated for corrosion inhibition of
mild steel E24 in H>SO4 by impedance spectroscopy and potentiodynamic polarization
measurements. A series of experiments with various inhibitor concentrations were conducted.
The results show that the corrosion rate decreases, inhibition efficiencies increase, and surface
coverage increase with increasing inhibitor concentration. Potentiostatic polarization revealed
that both inhibitors affected cathodic and anodic reactions, making them inhibitors of a mixed
type with a significant cathodic inhibitory character. Several adsorption isotherms, including
Langmuir, Temkin, and Frumkin, were investigated to understand the inhibitor’s adsorption
behaviour. The adsorption of both compounds on a mild steel surface obeys Langmuir’s
adsorption isotherm. In addition, the values of AG?,, showed a physisorption effect for the two
prepared inhibitors. To compare the chemical reactivity of Qui*, Br— and isoQui™*, Br— and study
the interactions between inhibitor molecules and the steel surface, different quantum chemical
descriptors have been calculated, such as Enomo, ELumo, AE, %, 11, 6 and AN. The results obtained
reveal that the Qui*, Br- has higher electronegativity (), global softness (c), and global
electrophilicity (®) than the isoQui*, Br- compound. The order of IE determined from
experimental measurements is successfully supported by theoretical analysis.
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1. Introduction

The usage of steel is well-pronounced in various industries, especially in manufacturing, oil,
petroleum, construction, medical, textile, transport, and electrochemical industries. The
corrosion mechanism of steel changes with the exposed media [1, 2]. In industry, acid
solutions are widely used for many purposes, such as acid pickling, industrial acid cleaning,
acid descaling, and oil well acidizing [3, 4]. The general aggressive nature of the acidic
solution results in corrosive attacks. Therefore, it makes corrosion management investment
projects in the metal industry hugely expensive. The strategies include using corrosion-
resistant alloys or steel with corrosion inhibitors [5, 6]. The interaction between inhibitor
molecules and the metal surface by adsorption of organic compounds inhibitors depends on
several factors, such as the charge of the inhibitor and the nature of the metal surface, the
structure of the inhibitors, the type of aggressive media, the extent of the aggressiveness, as
well as the nature of its interaction with the metal surface [7, 8]. In general, effective
corrosion inhibitors are organic compounds that contain heterogeneous atoms such as O, N,
S, and P [9, 10]. Several works were conducted on organic salt compounds as corrosion
inhibitors. The salt organic contains oxygen, sulfur, and nitrogen elements, which help in the
corrosion inhibition process of various metals such as aluminium and steel in acid solutions
with environmental considerations that have attracted more attention [11, 12]. The work is
devoted to studying the inhibition characteristics of two compounds as inhibitors for steel
E24 in H,SO,4 solution, using potentiodynamic polarization measurements (Tafel) and
electrochemical impedance spectroscopy (EIS). We calculated the Gibbs free energy (AG,.)

ads
from experimental data of the inhibition process.
2. Experimental procedures

2.1. Preparation of corrosive solution

The studied corrosion solution is 0.5 M H,SO, diluted from 98% concentrated acid with
different concentrations of inhibitors.

2.2. Inhibitors

(2-Methoxy-2-oxoethyl)quinolinium bromide (Qui*, Br~) and (2-methoxy-2-oxoethyl) iso
quinolinium bromide (isoQui™, Br~) (Figure 1) were prepared by reaction of methyl 2-
bromoacetate with quinoline or isoquinoline according to reported procedure [13, 14].
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Figure 1. Structure of studied inhibitors.
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2.3. Mild steel specimen

The working electrode is steel (E24) coated with epoxy resins and has an exposed area of
0.78 cm?. The steel E24 has a chemical composition: C=0.35%, Mn=0.45%, S =0.035%,
P =0.035%, Si=0.25%, Cr=1.7 and remainder Fe. We carried out measurements of galvanic
and dynamic polarization on it.

The working electrode was polished with abrasive papers of different grades (150, 220,
400, 600, 1200, and 2000 grit), rinsed, degreased with ethanol, rinsed several times with
distilled water, and dried before measurement.

A conventional three-electrode cylindrical glass cell was used for potentiodynamic
polarization analysis and electrochemical impedance spectroscopy. Electrodes used for
electrochemical measurements are a platinum counter electrode and a saturated calomel
electrode as a reference electrode. Polarization and impedance measurements were done
using a potentiostat/galvanostat/ZRA “GAMRY-Reference 3000”. Potentiodynamic
polarization experiments were performed in the potential range of —800 to —200 mV using
a scan rate of 1 mV/s. Inhibition efficiency (IE %) values are obtained in this method using
the following equation 1:

|E (%) = Learoy ~Learimy 9 (1)
corr(0)
where leor and lcorr(o) are the current densities in the presence or absence of the investigated
inhibitors, respectively.

Electrochemical impedance spectroscopy (EIS) was performed at open circuit potential
(Ecorr) Over a frequency range from 100 kHz to 10 mHz with a 10 mV peak-to-peak
amplitude using the AC signal. First, the inhibition efficiency (IE %) is calculated starting
from the charge transfer resistance, as in equation 2.

R,y — R
IE(%) = ™ — 90 100 ()

ct(inh)

2.4. DFT computational details

Complete geometrical optimizations of the title compounds (Qui*, Br~ and isoQui*, Br-)
were optimized employing the density functional theory (DFT) [15], including Grimme’s
dispersion corrected ®B97X-D3 [16] functional, and in combination with the 6-
311++G(d,p) basis sets [17]. All calculations were done by using the ORCA package
program (Version 4.2.1) [18], employing the SMD solvation model [19], and using water as
a solvent (dielectric constant=80.4 and refractive index=1.33). The natural population
analysis (NPA) was carried out by using the JANPA program (version 2.02) [20]. Molecular
electronic structures and orbitals were visualized using the Avogadro software [21]. To
compare the chemical reactivity of Qui*, Br~ and isoQui*, Br, different quantum chemical
descriptors have been calculated, such as the highest occupied molecular orbital energy
(Eromo), lowest unoccupied molecular orbital energy (ELumo), energy gap (AEgsp), dipole
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moment (), polarizabilities <o>, global hardness (1), global softness (o), global
electrophilicity (o), the fraction of electrons transferred (AN) and back donations of electrons
(AEback-d), defined by the following Equations (3) to (11) [22—-24]:

| =—E|-|o|v|o (3)
A:—ELUMO (4)
AE=E_umo—EHomo (5)
<a>=§(axx+ayy+azz) (6)

ELUMO B EHOMO
f = i~ Froo (7)
o=1 )

Ul
_x 9
0=1 ©)
n

e (10)
N — (ZM _Zmo|) (11)

2017 + Moet)

where ym and ymoi in equation 9 represent the metal’s and the inhibitor’s absolute
electronegativity, respectively. According to R.G. Pearson, this study used the theoretical
values ym=4.06 ¢V and nu=0 eV for iron [25].

3. Results and Discussion

3.1. The open-circuit potentials tests

Determining the equilibrium state by measuring the open circuit potential (OCP) variation
with time for the working electrode is necessary before electrochemical corrosion rate
measurement. The displacement in OCP values of up to £85 mV compared to the blank is
an essential parameter that permits the classification of the inhibitor type [26, 27]. Figure 2
shows the variation of the OCP as a function of time for steel in 0.5 M H,SO, in the absence
and presence of various inhibitor concentrations. OCP values obtained in 0.5 M H,SO,
solution in the presence of both inhibitors and recorded upon reaching the steady state are
positive relative to OCP values obtained in 0.5 M H,SO, solution. In the blank solution, the
electrode OCP value was —468 mV vs. ECS. The difference in the open circuit potential
values for Qui™, Br~ and isoQui*, Br-at 5 mM is —443 and —444 mV vs. ECS, respectively.
The resulting OCP values indicate the mixed type of both inhibitors, which will be discussed
later. This result agrees well with other reported work [28].
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Figure 2. Open circuit potential of steel E24 immersed in 0.5 M H2SO4 with and without
inhibitors at different concentrations.

3.2. Potentiodynamic polarization studies

The kinetics and mechanism of the anodic dissolution of steel in the sulfuric acid medium
have been extensively studied. Potentiodynamic polarization measurements are generally
used to obtain relevant information about electrochemical corrosion parameters [29, 30]. The
Tafel plots of steel E24 in H,SO,4 (0.5 M) at various concentrations of Qui*, Br~ and
isoQui™, Br— are shown in Figure 3. The electrochemical dissolution of Fe can be expressed
by the following mechanism [31, 32]:

Fe — Fe® +2e
2H"+2e > H,

As shown in Figure 3, the Tafel slopes remain almost constant for the cathodic
branches. Consequently, the corrosion kinetics occurs without changing the corrosion
process mechanism controlled by activation inhibition [26, 33]. However, a significant
change was observed in the anodic curves. The plateau between —0.48 VV and —0.3 V is due
to the formation of a film on the steel surface that becomes larger with the increase in
inhibitor concentration, indicating more adsorbents on it [34].

Furthermore, the effect of inhibitors on corrosion inhibition is reflected in the offset of
the anodic and cathodic curves to lower the current densities relative to the blank. It can be
seen that, in the presence of both inhibitors, current density values in the cathodic branch
were more affected as compared to the current density values in the anodic branch, indicating
that a cathodic reaction is the most affected. In addition, the offset of the Eco value is less
than 85 mV. These results indicate that both inhibitors exhibit mixed-type behaviour with
predominantly controlled cathodic reactions. [27, 28, 34].
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Figure 3. Potentiodynamic polarization curves were obtained for steel E24 in 0.5M H2SO4
without and with different concentrations of inhibitors.

The electrochemical corrosion parameters, such as corrosion currents densities (lcor)
and corrosion potentials (Ecorr), have been obtained by the Tafel extrapolation method of the
polarization curves, and the obtained values are listed in Table 1.

Table 1. Polarization measurements for steel E24 corrosion in the absence and presence of different
inhibitor concentrations.

Inhibitor Cinh (mM) Ecorr (mV/ECS) lcorr (uA-cm‘Z) El (%)
Blank 0 —449 384 —
1 —467 301 21.61
] 2.5 —457 72 81.25
Qui*, Br-
5 —462 35.8 90.68
7 —485 30.5 92.06
1 —-461 101 73.7
o 25 453 90.6 76.4
isoQui*,Br-
5 —457 36.9 90.04
7 —469 35.0 90.88

Table 1 shows that the efficiency inhibition increased with increasing inhibitor
concentration, which was affirmed by the decrease in icr values. The studied inhibitors
follow the efficiency sequence: Qui™, Br~>isoQui™*, Br-.
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3.3. Impedance measurements

To study the surface properties of steel and the mechanism of processes on the electrode, we
performed electrochemical impedance measurements on E24 steel in 0.5 M H,SO, solution
with different concentrations of inhibitors. The results are shown in Figures 4 and 5 with the
Nyquist and Bode curves for steel immersed in the corrosion solution with and without the

inhibitor.
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Figure 4. Nyquist plot for Steel E24 in 0.5 M H2SO4 with and without different concentrations
of inhibitors.
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Figure 5. Bode plot for steel E24 in 0.5 M H2SO4 with and without different concentrations of
inhibitors.

We performed electrochemical impedance spectroscopy measurements to obtain
information about the double layer. As shown in Figure 4, all high-frequency loops have
compressed semicircles format. It results from scattering factors due to working electrode
inhomogeneity [35]. The diameters of these capacitive loops increase with the increase in
the amount of inhibitor and signify an increase in the resistance (Rc), i.e., the charge transfer
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process. Moreover, inductive loops are found in the low-frequency region that infers the
adsorption and non-desorption of intermediate corrosion products and corrosion inhibitors
[36—37]. The amplitude of the inductive loops increases with concentration with no
difference in the shape of the curves, which means that the different steps that determine the
corrosion mechanism do not change [38].

The above impedance data was analyzed using an electrochemical equivalent circuit
shown in Figure 6. Rs, Ry, R, L and CPE are the resistance solution, charge transfer
resistance, resistance Indictance, inductance and constant phase element, respectively. In
addition, CPE was introduced to replace a double-layer capacitance (Cgq) for a more accurate
fit.

RL

S 88 *
R.E.

L
i
o

Y0

Figure 6. Equivalent circuit diagrams used to fit impedance data.

The impedance constant phase element (Zcpe) is represented by [39]:

__ 1
CPE Yo(JO))n

(12)

where Y, is a proportionality coefficient, j: imaginary unit (j2=—1), n is a CPE exponent with
values between 0 and 1 and can be used to gauge the surface inhomogeneity, o is the angular
frequency given by ®=2nfnax. The CPE components Yoand n were used in the calculation
of the double-layer capacitance (Cq) of the adsorbed film following equation 13 [40]:

Cy= (Yo R (13)

As shown by solid lines in Figure 4, the fitness accuracy of the equivalent circuit was
checked by plotting the simulated Nyquist plots. These data indicate that when the
concentration of Quinolinium bromide derivatives increases, the CPE values decrease and
Ret increases. The decrease in capacitance resulting from a reduction of dielectric constant
and/or the increase in the electrical double layer thickness suggest that both studied
compounds act by adsorption on the metal/electrolyte interface [41, 42]. In the present case,
it can be assumed that Quinolinium bromide molecules replace water molecules adsorbed
on the surface of the steel. The inhibition efficiency was raised to above 98% at 5 mM,
confirming that the novel inhibitor has an excellent inhibition performance for steel E24
alloy in 0.5 M H,SO..

The variation of Modulus and phase angle in Bode diagrams are represented in Figure 5.
The modulus impedance in the low-frequency region reveals the increase in the resistance



Int. J. Corros. Scale Inhib., 2023, 12, no. 2, 679—-695 687

of the adsorbent film as the concentration increases [38]. In the phase angle, only a one-time
constant indicates that the charge transfer process mainly controls the dissolution of steel in
an acidic solution [43].

Table 2. Impedance parameters for steel E24 in 0.5 M H>SO4 solution in the absence and presence of
different inhibitor concentrations.

-6
Inhibitor Cinh Rs Ret . éoni?nz Cal (Qil;nz) (|I—_|) IE
(MM)  (@Q-cm?)  (Q-cm?) Q) (uF-cm~?) (%)
Blank 0 3.656 90.0 0.8956  140.0 84.1 23 20
1 2.424 233.6 0.8317  115.0 55.3 - - 6134
Qui*, 2.5 2.347 500.0 0.8784  44.59 26.3 120 1400 82.00
Br 5 2.094 790.0 0.8450 43.43 23.4 240 1500 88.61
7 2.354 1205 0.8415 41.62 23.7 222.8 2285 9253
1 3.109 249.5 0.8789  83.77 49.2 90 350 63.93
isoQui*, 2.5 2.784 275.0 0.9008  80.60 53.0 75 1200 67.27
Br- 5 3.249 480.0 0.8917 70.0 46.4 100 1200 81.25
7 2.935 505.0 0.8770  80.90 51.7 - - 8217

3.4. Adsorption isotherm simulation

In this work, to further investigate the adsorption process, we have evaluated the composition
of several typical adsorption isotherms (Temkin, Frumkin, Langmuir isotherms). Langmuir
isotherm was the best description of the adsorption behaviour after calculating the correlation
coefficient values (R?). The corresponding formula is followed [44].
C 1

én n= K_'_Cinh

0 is the surface coverage, and K represents the adsorption equilibrium constant. The
standard free energy of adsorption (AG., ) can be deduced from Equation 15 [44]:

ads

(14)

_ 1 _Angs
Kags = 55.5 exp{ RT (15)

Herein, we have calculated K,gs from the straight lines of Langmuir from Figure 7. The
values of AG?_ can be obtained from the equation above. The adsorption model was

ads
classified as physisorption when the absolute value of AG;’dS is lower than 20 kJ/mol, while
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the inhibitors act by chemisorption model when the AGfds Is greater than 40 kJ/mol value
[34]. The calculated AGe?dS values are —29.08 and —30.41 kJ/mol for Qui*, Br~ and
isoQui*, Br, respectively. This calculation shows that the adsorption of quinolinium
bromide derivatives on steel is chemical and physical.
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84 = Qui',Br
e isoQui',Br -
73
6 .
-
—_ 53
=
E
= 43
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34 .
23
-
L ]
13
0 Frrrrrrrrer RAAARALEL T [T T ARRARAARLL: T T
0 1 2 3 4 5 6 7

Figure 7. Langmuir adsorption for steel E24 in 0,5 M H2SO4 with different concentrations of
inhibitors at 25°C.

3.5. Theoretical results

The optimized geometry structures of the title compounds with their selected bond lengths
are presented in Figure 8. In addition, all values of the bond lengths, bond angles, and
dihedral angles are reported in supplementary Tables S1-S3.

According to the optimized structures (Figure 8), we can find that the bromide (Br-)
ion can form non-covalent interactions with Qui™ and isoQui*, respectively. Similar
behaviour is observed in both Qui*, Br~ and isoQui™, Br— complexes, in which the bromide
(Br) ion interacts with the hydrogen atoms of both the aromatic ring and also the substituent
group (2-methoxy-2-oxoethyl) of Qui™ and isoQui*™ compounds, respectively, with distances
in the range of 2.533-2.801 A, as shown in Figure 8. However, in the isoQui* compounds,
we should also note that the bromide (Br~) ion lies practically in the same plane as the
aromatic ring. On the contrary, for the Qui* compound, the bromide (Br-) ion is not
positioned in the same plane as the aromatic ring (see Figure 8).

To explore and optimize the non-covalent forces between the bromide (Br-) ion and
organic molecular fragments (Qui* and isoQui™) that appear to be involved in the stability
of both complexes Qui*, Br~ and isoQui™, Br-, the reduced density gradient (RDG) analysis
is employed [45, 46].
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Figure 8. The optimized geometry structures of the title compounds: Qui™*, Br~ (left) and
isoQui™, Br~ (right).

Figure 9 shows the RDG plots (RDG-scatter plot (top) and RDG-isosurface (bottom)),
in which the blue, green, and red regions represent the strong, attractive interactions like H-
bond, van der Waals interactions, and strong steric effects, respectively.
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Figure 9. The NCI-RDG isosurfaces (bottom) and scatter plot (top) of the title compounds;
Qui*, Br~ (left) and isoQui*, Br~ (right).
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NCI-RDG analysis reveals a green isosurface between the bromide (Br-) ion and
hydrogen atoms of both the Qui™* and isoQui™*, indicating that the vdW interaction is the key
driving force for the interaction between Br~ and organic molecular fragments (Qui* and
isoQui™).

Frontier molecular orbitals (HOMO and LUMO) of both Qui*, Br~ and isoQui*, Br-
complexes are shown in Figure 10. Analysis of these results indicates that the HOMO
density is mainly localized at the bromide (Br~) ion for both Qui*, Br~— and isoQui*, Br-,
suggesting the most reactivity centres for bonding to surface through donating electrons to
the mild steel surface. At the same time, the LUMO density distribution indicates that the
aromatic ring for both Qui*, Br~ and isoQui™, Br~ complexes are the centres with the highest
tendency to accept electrons from the d-orbital of the metal.

+ - ¢ -
Qui , Br IsoQui, Br I

LUMO HOMO LUMO

Figure 10. Frontier molecular orbitals (HOMO and LUMO) of the title compounds; Qui*, Br~
(left) and isoQui™, Br~ (right).

Table 3. Calculated the title compounds’ quantum chemical descriptors (a) at ®B97X-D3/6-311++G (d, p)
level theory.

Descriptor Qui*, Br- isoQui*, Br-
Enomo (eV) ~7.96 -8.09
ELumo(eV) -0.86 -0.63
AEgap(eV) 7.10 7.46

| (eV) 7.96 8.09

A (eV) 0.86 0.63
u (Debye) 19.64 18.38
<a> (a.u.) 257.66 258.69

VYA (Bohr?) 2168.52 2134.77
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Descriptor Qui*, Br- isoQui*, Br-
SA (Bohr?) 1054.18 1029.12
TE (a.u.) -3243.91 -3243.91
X 441 4.36
i -4.41 —4.36
n 3.55 3.73
o 0.28 0.27
® 2.74 2.55
AN —-0.049 -0.039
ANback-d -0.89 -0.93

@): Energy gap (AEgap); Electron affinity (A); lonization potential (I); Dipole moment (p); Total energy (TE);
Electronegativity (); Polarizability <a>; Chemical potential (r); Global softness (c); Global hardness (1);
Global Electrophilicity (o); Fraction of electrons transferred (AN) and back-donation (AEback-d).

The results of quantum-calculated global descriptors for title compounds Qui™, Br~ and
isoQui™, Br~ are listed in Table 3. In literature, it has been reported that the molecule with a
low LUMO-HOMO energy gap (AEgsp) is probably associated with high chemical reactivity,
and vice versa; the existence of a large HOMO-LUMO gap is generally associated with low
chemical reactivity [22—-23].

From the results of Table 3, the Qui*, Br- compound has the lowest value of AEgjp,
which means the highest reactivity than of the compound isoQui*, Br~. This result agrees
with our previous experimental observations, suggesting that the compound Qui*, Br~ has
the highest inhibition efficiency. The results obtained reveal that the Qui™, Br~ has higher
electronegativity (y), global softness (o), and global electrophilicity () than the isoQui™, Br~
compound. However, according to the DFT calculations (Table 3), the Qui*, Br~ and
isoQui™, Br~ provided an almost similar behaviour due to the very close values.

Conclusion

1. The corrosion inhibition efficiency of 2-methoxy-2-oxoethyl)quinolinium bromide
(Qui*, Br) and (2-methoxy-2-oxoethyl) iso quinolinium bromide (isoQui™, Br~) were
studied.

2. Corrosion inhibition efficiencies increase as the concentration of inhibitors increases,
exceeding 90% for both inhibitors.

3. Potentiostatic polarization revealed that both inhibitors affected cathodic and anodic
reactions, making them inhibitors of a mixed type.

4. The compounds’ adsorption showed chemical and physical interactions between the
molecules and the metal and was found to fit the Langmuir adsorption isotherm.
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5. The study demonstrates that quinolinium molecules could serve as corrosion inhibitors for

steel due to their kinetic control and strong adsorption on the surface.

6. Results obtained from all the experimental methods agree with the theoretical study.
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