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ABSTRACT

Four new 8-hydroxyquinoline derivatives, namely 5-((1H-benzimidazol-2-
yDmethyl)quinolin-8-ol (BIMQ), 5-((5-methyl-1H-benzimidazol-2-yl)methyl)quinolin-8-ol
(MBMQ), 5-((5-chloro-1H-benzimidazol-2-yl)methyl)quinolin-8-ol (CBMQ) and 5-((5,6-
dichloro-1H-benzimidazol-2-yl)methyl)quinolin-8-ol (DCBMQ) were prepared in moderate
to good yields through the condensation of 5-(carboxymethyl)-8-hydroxyquinoline and
substituted o-phenylenediamine. 'H, *C NMR and Elemental analysis confirm the formation
of the desired compounds. The anti-corrosive potential of these heterocyclic compounds has
been studied on carbon steel in 2 M phosphoric acid (H3PO4) electrolyte by means of
electrochemical measurements. The inhibition efficiency of these heterocyclic compounds
was strongly linked to the concentration and the structure of the molecules; reached a
maximum of 94.7% for DCBMQ at 10 M. Data generated from potentiodynamic revealed
that the investigated 8-hydroxyquinoline derivatives are mixed type inhibitors. The influence
of temperature on the corrosion behaviour was assessed. The four quinoline derivatives
adsorbed according to the Langmuir’s adsorption isotherm. Surface analysis (SEM and XPS)
confirmed the formation of a protective layer adsorbed on the steel surface. DFT calculations
suggested that 8-hydroxyquinoline derivatives adsorb on the metal via the 8-hydroxyquinoline
ring and their corrosion inhibition potential have some linear correlation with the degree of
co-planarity of the benzimidazole and hydroxyquinoline rings. Monte Carlo simulations
showed that the molecules adsorbed on Fe(110) surface through the 8-hydroxyquinoline in a
near-flat mode and the adsorption energies both in the absence and presence of aqueous

phosphate ions agree with the observed trends of inhibition efficiencies.

Keywords: 8-Hydroxyquinoline; Carbon steel; Phosphoric acid; Corrosion inhibition, EIS,

XPS, Theoretical calculations.
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1. Introduction

Carbon steel is by definition an alloy of iron that operates under various conditions in
several industries where aqueous media, especially acids, are inevitably utilized for different
advantageous purposes [1-3]. Hence, corrosion of carbon steel in acidic solution notably with
regard to the use of organic inhibitors is a pioneering technical in the field of corrosion
science [4-6]. In this context, several reviews about various types of organic inhibitors have
been previously documented [7-16]. However, the existing data show that the more efficient
organic compounds are suitable to contain heteroatoms such as nitrogen, sulphur, oxygen and
also other parameters such as unsaturated bonds and plane conjugated systems comprising
any kinds of aromatic rings [17-19]. Moreover, the organic inhibitors act by adsorption on the
metal surface and the latter depends on the nature of the surface charge of metal, the
allocation of charge on the entire inhibitor molecule [20].

Phosphoric acid (H3POs) is largely used in several industrial sectors such as removal
of oxide film, chemical and electrolytic polishing... In other words, phosphoric acid is known
by its strong corrosiveness on iron-based materials, hence the need to protect or to limit the
attack of metallic materials. However, little works have been done on the corrosion inhibition
of steel in H3POg4 solution using organic molecules [21-34].

Quinoline derivatives are first actives ingredients in the anti-malarial drugs and
have particular biological properties and who poses no significant risk to environment [34-
36]. However, the literature uncovers that information with respect to the utilization of
8-hydroxyquinoline and its derivatives as corrosion inhibitor for steel in H3;PO4 are extremely
rare. To the best of our knowledge, 8-hydroxyquinoline and its derivatives have never been
used as corrosion inhibitors for steel in H3POs. In this context, the target of this work is to
assess the anti-corrosive capability of newly synthesized 8-hydroxyquinoline derivatives,

namely,  5-((1H-benzimidazol-2-yl)methyl)quinolin-8-ol  (BIMQ),  5-((5-methyl-1H-
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benzimidazol-2-yl)methyl)quinolin-8-ol (MBMQ), 5-((5-chloro-1H-benzimidazol-2-
yl)methyl)quinolin-8-ol (CBMQ) and 5-((5,6-dichloro-1H-benzimidazol-2-
yDmethyl)quinolin-8-ol (DCBMQ) each representing two aromatic rings, 8-hydroxyquinoline
ring fused to a heterocyclic (benzimidazol) ring on carbon steel in 2 M H3PO4 by means
potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS), scanning
electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) techniques.
Theoretical density functional theory (DFT) calculations and Monte Carlo simulations were
likewise performed on 8-hydroxyquinoline derivatives so as to associate the corrosion

inhibition capacity with their molecular structures.

2. Experimental
2.1. Inhibitors
2.1.1. General informations

All reagents and solvents are imported from Sigma-Aldrich. The kinetics of the
reactions were examined by TLC. Melting points were defined through Fargo MP-2D. Flash
column chromatography was carried out together with silica gel (0.040-0.063 mm) by elution
with hexane—acetone mixture. NMR spectra have been made by Bruker 300 WB
spectrometer. C, H, N analyses were realized using a Perkin-Elmer Model 2400 CHNS/O

Series.

2.1.2. Chemical synthesis

The synthesis procedure of four kinds of 8-hydroxyquinoline derivatives containing
benzimidazole moiety is described in Scheme 1. First, 8-hydroxyquinoline was converted to
5-chloromethyl-8-hydroxyquinoline hydrochloride as described by Burckhalter [37]; the 5-

chloromethylquinolin-8-ol  hydrochloride =~ was  transformed to 5-cyanomethyl-8-
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hydroxyquinoline (2) thereafter. [38]. The acid hydrolysis of 5-cyanomethyl-8-
hydroxyquinoline (2) leads to 5-(carboxymethyl)-8-hydroxyquinoline hydrochloride (3) [39],
which was condensed with 4,5-substituted derivatives of o-phenylenediamine (4a-d) in HCl

solution (37 %) to give the desired hydroxyquinolines compounds (Sa-d).

! N OOH
| X KCN, DMSO | SN HCI, H,0 @\
T — —_— >
o ﬁ/ 90°, 2h N? Reflux, 6h o N/
CIH OH OH Cl H OH
) @ 3
R H,
HCI, reflux, 8h
R NH,
4a-d
/
R
S5a-d H
. R
R R N@
a H H
b CH; H | X
¢ Cl H N
d Cl Cl OH

Scheme 1. Synthesis of 8-hydroxyquinoline derivatives containing benzimidazole moiety.

So, the general procedure for the synthesis of 8-hydroxyquinoline derivatives
containing a benzimidazole moiety (S5a-d) has been developed as follows; an equimolar
mixture of 4-substituted derivative of o-Phenylenediamine (4a-d), 5-(carboxymethyl)-8-
hydroxyquinolin hydrochloride (3) was refluxed in 4 N HCI for 8 h, after cooling, the
precipitate was obtained after addition of aqueous sodium hydroxide, the separated product
was purified through Flash column chromatography. The structures of 8-hydroxyquinoline
derivatives were identified by NMR and elemental analysis and their spectra are attached in
supplementary data. Spectral and analytical data of synthesized 8-hydroxyquinoline

derivatives containing a benzimidazole moiety are summarised in Table 1.
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Table 1

Abbreviation, molecular

structure,

spectral and analytical data of synthesized

8-hydroxyquinoline derivatives containing a benzimidazole moiety.

Compound  Abbreviation

Structure

Spectral and analytical data

5a BIMQ
5b MBMQ
5c CBMQ
5d DCBMQ

4 )

AS
Z
X
N’

\

N

H
H
H

(0]
(0)

e

=)

CH;

‘N

N,

HN

Yield 60 %, M.P. 206 °C, brown of solid. 'H NMR (300 MHz,
Me2S0-d6), Sppm = 5.0 (s, 2H, -CH,-); 7.0-8.89 (m, 9H, ):

12.15 (1s, 1H, NH). *C NMR (300 MHz, Me2SO-d6), dppm =
37,18(HQ-CH2-benzimidazole); 111.32-152.74 (CHarm and

Carm). Elemental analysis for Ci7H13N3O: caled.: C, 74.17; H,
4.76; N, 15.26; Found: C, 74.1 3; H, 4,75; N, 15.28%.

Yield 70 %, M.P. 211 °C, brown of solid. 'H NMR (300 MHz,
Me2S0O-d6), dppm = 2.36 (s, 3H, —CHS); 4.64 (s, 2H, —CHZ—);

6.94-8.83 (m, 8 H,_); 12.27(s, 1H, NH). 13C NMR (300 MHz,
Me2S0O-d6), ppm = 22.13 (CH,); 30.56 (-CH,-); 112.93-155.5
(CH,_  and C_ ). Elemental analysis for CisHisN3O: caled.: C,
74.72; H, 5.23; N, 14.52; Found: C, 74.70; H, 5.26; N, 14.54%.

Yield 72 %, M.P. 195 °C, brown of solid. 'H NMR (300 MHz,
Me2S0O-d6), dppm = 4,50 (s, 2H,-CH,-); 6.65-8.81 (m, 8 H )
12.20(s, 1H, NH). 3C NMR (300 MHz, Me2SO-d6), dppm =
34,69(-CH,-); 110.84-154.01 (CH__ and C_ ). Elemental
analysis for Ci7H12N3OCl: caled.: C, 65.92; H, 3.90; N, 13.57;
Found: C, 65.85; H, 3.86; N, 13.59%.

Yield 80 %, M.P. 180 °C, brown of solid. "H NMR (300 MHz,
Me2S0-d6), dppm = 4.23(s, 2H, -CH,-); 6.95-8.94 (m, 6H__ ).

13C NMR (300 MHz, Me2SO-d6), Sppm = 30,63(-CH2-);111.90-
153.26 (CH,_ and C_ ). Elemental analysis for Ci7HiiN3OCla:

caled.: C, 59.32; H, 3.22; N, 12.21; Found: C, 59.36; H, 3.20; N,
12.23%.

2.2. Materials

The material, on which the review is based, is of the type carbon steel (CS), including

its the composition (in wt%) of 0.02 % P, 0.02 % Al, 0.10 % Si, 0.50 % Mn, 0.36 % C, 0.01

% S, 0.2 % Cr and the remainder iron (Fe). 1 cm? of working electrode was exposed at

aggressive media, this surface area was abraded with different grit SiC paper. This one's was

then washed with bi-distilled water and decreased with ethanol.
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2.3. Solutions
2 M H3POq solutions were prepared by dilution of an analytical reagent grade HCI
85% H3PO. with distilled water. The exposure concentrations ranged from 10° M to 10 M,

these two extremes are used due to the solubility and the minimum protection.

2.4. Electrochemical measurements

The 1 cm? of CS surface is employed as working electrode. A platinum wire was
operated as a counter electrode; a saturated calomel electrode was employed as a reference
electrode booster by Luggin capillary.

At the beginning, the exposed area of steel was immersed in electrolyte for half hour
till you get steady state open circuit potential (Eocp), and that is when the electrochemical
measurements were carried out. The electrochemical assays were carried out under aerated
solution and thermostatic conditions. The EIS assays were realized in the frequency interval
of 10° Hz to 0.1 Hz at Esp with amplitude of 10 mV. The ZView software was used to
precede impedance spectra. The protection efficiency 77z(%) of EIS is defined by the formula

below:

Rpi ~ R,
nd%) =~ x100 (1)
P(i)
where Rp, and Ry are the ac polarization resistance of CS electrode without and with
synthesized molecules, respectively.
The Tafel curves were registered from cathodic to the anodic direction, with a scan
rate of 0.5 mV s™' and analyzed by means of Voltamaster 4 software. The inhibition

efficiency for three kinds of 8-hydroxyquinoline derivatives was also elaborated according to

the Tafel curves:
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ratel(%) = m—c"ff(l) x 100 )

lCOIT

where icorr and icom() are the corrosion current densities in the absence and the presence of

8-hydroxyquinoline derivatives, respectively.

2.5. Surface analyses

Scanning Electron Microscopy (JEOL 5300) was employed in assessing the surface
quality of CS substrate without and with four kinds of 8-hydroxyquionline and after been
immersed in 2 M H3POs.

X-ray photoelectron spectroscopy (XPS) spectra were registered using XPS KRATOS,
AXIS UltraP'P spectrometer Thermo Scientific K-Alpha XPS system. The XPS test and

treatment were made according to the same procedures previously described [40,41].

2.6. Density functional theory calculations

Molecules of BIMQ, CBMQ, DCBMQ and MBMQ were modelled with GaussView
5.0 and subjected to geometry optimizations without symmetry constraints using the
B3LYP/6-31+(d,p) model [42-44]. Since the experimental studies were carried out in aqueous
phosphoric acid medium, all geometry optimizations were conducted in phosphoric acid
medium, which was simulated by setting the solvent parameters of aqueous H3POs as 62.4
and 2.054 for static and optical dielectric constants respectively. The static dielectric constant
was extracted from literature [45], while the optical dielectric constant was approximated as
the square of refractive index (n20/D = 1.433) of phosphoric acid as previously proposed in
the literature [46,47]. All the calculations were carried out using Gaussian 09 [48] and the
polarizable continuum model (PCM) using the integral equation formalism variant (IEFPCM)

implemented in Gaussian 09 was used to treat the solvent. Relevant quantum chemical
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parameters were derived from the frontier molecular orbitals (FMOs) energies, that is, highest
occupied molecular orbital energy (Enomo) and lowest unoccupied molecular orbital energy

(ErLumo) of the optimized structures based on the following relations [49]:

(Energy gap, AE) : AE =E ymo ~ Enomo 3)
1
n= _E(ELUMO - EHOMO)
(Global hardness, 7) : 4)
X= _l(ELUMO + EHOMO)
(Global electronegativity, y) 2 4)
(Fraction of electron transferred) AN = e " X _ (6)
2(,7Fe +,7inh)

where ®@re110) and 7z, are the work function and hardness of Fe respectively, while y;,;and

.. are the electronegativity and hardness of the inhibitor molecule respectively. A value of

4.82 eV for Pre110) (previously reported for body center cubic (bcc) crystal structure of

Fe(110)) [50,51] and a value of 0 eV/mol [52] for 1., were used in Equation 6 based on

previous studies [49-52].

2.7. Monte Carlo simulation

Adsorption of BIMQ, CBMQ, DCBMQ and MBMQ molecules on mild steel surface
in phosphoric acid medium was using the adsorption locator module available in Materials
Studio 2106. Mild steel is essentially iron, and thus, steel surface was represented by (1 1 0)
cleaved plane of Fe, which has been adjudged the most reasonable crystal plane for the metal.
The optimized structures of the inhibitor molecules obtained from the DFT study were used in
the Monte Carlo simulations. To ensure that the simulation was as close as possible to the
experimental study, the adsorption of each inhibitor molecule on Fe(110) was simulated in the
presence of phosphoric acid solution, which was represented by H3O* and PO4* ions.

Iron crystal was first cleaved into (1 1 0) plane, optimized and expanded into a 10 x 10

9
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supercell having 6 layers of crystals in a 10 A vacuum slab. H30* and PO4> were optimized
using the Universal force field in Forcite module. Adsorption of 60 molecules of H3O" and 60
molecules of PO4* (since H* and PO are in ratio 3:1 in one mole of the acid) on Fe(110)
was first simulated in a simulated annealing using the COMPASSII force field. The
simulation was carried out for 5 cycles at 50000 steps per cycles. Thereafter the inhibitor
molecule was adsorbed using the same computational details. The adsorption energy was
calculated according to equation (7):

Eads = Ecomplex2 - Ecomplex1 (7N
where Ecomplex2 is the total energy of the Fe (110)/inhibitor/20 PO4*/60 H30* complex and

Ecomplex1 is the total energy of the Fe (110)/20 PO4>/60 H30* complex.

3. Results and discussion
3.1. Corrosion inhibition studies
3.1.1. Polarization measurements

The cathodic and anodic Tafel curves for working electrode dipped in
2 M H3POy including and excluding different concentrations of BIMQ, MBMQ, CBMQ and
DCBMQ are illustrated in Fig. 1, it is clear that this is a significant decrease in the two
cathodic and cathodic densities after addition of these four 8-hydroxyquinoline derivatives,
which implies that the synthesized 8-hydroxyquinoline derivatives prevents both the iron
dissolution and the cathodic hydrogen evolution. On the other hand, the prevention of the
cathodic reaction is important in comparison that anodic reaction to cause a shift of corrosion
potential towards the negative direction, The negative displacement of Ecor after adding
8-hydroxyquinoline derivatives is < 85 mV, indicating that these 8-hydroxyquinoline
derivatives are acting like mixed-type inhibitors with predominant cathodic effectiveness [53].

Various extrapolated parameters from Tafel curves are included in Table 2.

10
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Fig. 1. Tafel plots for CS in 2 M H3PO4 prior to and after adding of various concentrations of
BIMQ, MBMQ, CBMQ and DCBMQ.

Results in Table 2 indicate a significant reduction of icor upon addition of four kind 8-
hydroxyquinoline compared with that of the blank electrolyte. This large reduction is
approximately forty-two times in case of DCBMQ at 10 M, the increase in concentration
causing a protective film covers the CS surface producing a decrease in corrosion current
density. The values of pf. are changed following the addition of four kinds of
8-hydroxyquinoline which suggests that this is an alteration of cathodic reaction [54,55].

The effectiveness ranking of four studied organic compounds at all concentrations is
as per the following: DCBMQ > CBMQ > MBMQ > BIMQ, this order is assigned to the

differences in the structures among the four 8-hydroxyquinoline derivatives. Additionally, it's

11



clear that all the inhibitors tested have a similar structure with the exception of alkyl
substituent carrying by the phenyl of benzimidazole. An extensively, it is found that the
substitution of H in aromatic ring of benzimidazole moiety of compound BIPQ by methyl in
MBMQ, chlorine in CBMQ and two chlorine atoms in DCBMQ change the protection
efficiency. The presence of chlorine atoms which are donor by mesomeric effect (+M) in
aromatic ring of CBMQ and DCBMQ increases the delocalization of electron density in the
molecule, which makes the molecule more stable. This adsorption can be stabilized by

participation of n-electrons of aromatic ring and free electron pair in the heteroatom.

Table2
Various extrapolated parameters of CS prior to and after adding different concentrations of
8-hydroxyquinoline derivatives in 2 M H3POq electrolyte.

Inhibitor Cinn -Econ Lcorr -Be HTafel
(M) (mV/SCE) (uA/cm?) (mV/dec) (%)
Blank O 419 2132.0 219.6 —
BIMQ 103 477 156.2 137.3 93.0
10 481 382.0 162.5 82.1
107 490 420.0 168.6 80.3
10° 482 615.3 170.7 71.1
MBMQ 103 472 120.0 136.9 94.4
10* 476 184.5 138.2 91.3
107 482 232.6 138.5 89.1
10 483 521.4 161.8 75.5
CBMQ 103 469 112.0 146.8 94.7
10* 469 199.5 147.0 90.6
107 479 382.0 156.8 82.1
10° 478 429.5 160.0 79.8
DCBMQ 103 467 51.0 127.2 97.6
10* 486 71.2 146.4 96.7
10° 505 161.7 158.7 92.4
10° 507 397.9 166.2 81.3

13

14

15

16

17

3.1.2. Electrochemical impedance spectroscopy studies (EIS)

3.1.2.1. Effect of inhibitor concentration

Nyquist diagrams of CS in H3PO4 electrolyte in the absence and presence diverse

concentrations of 8-hydroxyquinoline derivatives are provided in Fig. 2. All diagrams showed

12
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two semicircles, one at the high frequency (HF) and the other at the low frequency (LF)
region. The obtained semicircle at high frequency is allocated to the charge-transfer and
double layer capacitance at the CS/electrolyte interface for the corrosion mechanism [56-58].
While that the inductive loop at low frequency may be assigned to the relaxation process
achieved through adsorption of the chemical species like products of the corrosion reaction
(exp. ferric phosphate), an oxidizable or reducible intermediate [S9] or neutral or/and ionic
forms of 8-hydroxyquinoline derivatives [60] on the CS surface.

The existing HF loops are slightly depressed in real axis and non-perfect semi-circles
demonstrate the roughness and/or inhomogeneity of the CS surface [61]. As consequence,
CPE was inserted in the equivalent circuit to substitute the double layer capacitance in order
to obtain a good fit and which is defined through next formula [62-64]:

Zop, =A™ (i)™ ®)
where A and n presents the constant and exponent of CPE, respectively. i is the imaginary
number and o (rad s!) is the radial frequency.

The selected equivalent circuit (Fig. 3) to fit the experimental EIS data consists of
electrolyte resistance (R;) in series with CPE in parallel with charge transfer resistance (Rc) in
series with an inductive resistance Ry in parallel with an inductance (L). However, the (R +
Ry) present the polarization resistance (R;). These cited parameters are summarized in Table
3.

These cited parameters are summarized in Table 3. From this table, there are also the values

of Cq1 which are derived from the CPE constant by virtue of the next formula [65, 66]:

1/n
Cy=(AR,'™™ )

The collected value of Ca and R, are exploited to establish the relaxation time constant (zq) in

line with to the following equation [67,68]:

13
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Fig. 3. Equivalent circuit employed for adjusting the impedance data.

The fits of our data using the present circuit are very satisfactory; a typical example of
Nyquist and Bode diagrams fitted is presented in Fig. 4. Based on the Table 3, the assembled
values of A and Cq are inversely proportionate to with inhibitor concentration, while Rp, RL, n,
L, 4, Nz(%) are diverse in the same manner with the concentration of four 8-
hydroxyquinoline derivatives. The increasing R, achieved 330.42 (Q cm?) in case of DCBMQ
involves the formation of the protective film [69]. Furthermore, the rise of the values of n
after addition of synthesized compounds when compared with 2 M H3PO4 could be explained
away by certain decrease of the working electrode surface heterogeneity because of the
occupation of most active adsorption sites by 8-hydroxyquinoline derivatives. The Cq values
in presence of studied molecules are lower than that of blank electrolyte could be through the
reduction in local dielectric constant as a result of a substitution of H>O by inhibitors
molecules at CS surface [70]. Moreover, the augmentation of the relaxation time constant (z4)
with 8-hydroxyquinoline derivatives concentration suggests that the time of adsorption
process gets slower. The corresponding L values for CS are observed to improve with addition
of 8-hydroxyquinoline derivatives in 2 M H3POs electrolyte that may be due to an increase of
oxidizable or reducible intermediate of 8-hydroxyquinoline derivatives in the electrolyte.
Considering the EIS results, it's obvious that the 77z (%) with increases with concentration for
four kinds of 8-hydroxyquinoline derivatives, this might be because the protonation of the
heteroatoms (the aromatic amino group) presents in inhibitory molecules reducing the
concentration of the hydrogen proton of electrolyte. From EIS findings, the sequence of
inhibitor performance is DCBMQ > CBMQ > MBMQ > BIMQ. This is consistent with the
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concentration was chosen to investigate the influence of temperature.

effeteness corresponding at 10>M for the four inhibitors and therefore,

obtained data by potentiodynamic polarization experiments. Obviously, the maximum

this optimum
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Table 3

EIS results for CS in 2 M H3POq4 in the absence and presence of different concentrations of the synthesized 8-hydroxyquinoline derivatives at

303 K.

Inhibitor Cinn R Rt Ry Rp 104 A n L Ca Td nz 0
M) (Qcm?) (Qcm?) (Qcm?) (Qcm?) (Q'S"cm?) (Hcm?) (uFcm?)  (ms) (%)

2 M H:POs [J 5.21+£0.02 9.71 £ 0.06 2.01 £0.08 11.72 2.43 +£0.09 0.880+ 0.005 0.19+0.02 109.2 1.22 — —
10° 727007 1958 %027 583+037 2541 0.75 +0.07 0.898+ 0.010 0.14+0.17 36.8 094 538 054

BIMQ 103 7.85+0.06 27.30£0.36 4.88 £0.53 32.20 0.73 £0.05 0.892+0.010 0.33+£0.08 32.5 1.05 63.6 0.64
10 8.40 £ 0.06 28.41 £0.38 6.40 £0.48 34.81 0.62 £0.04 0.901% 0.009 0.38+0.13 30.0 1.10 66.3 0.66
103 8.67 £0.06 56.53 £0.42 7.65 +0.52 64.18 0.60 £ 0.03 0.905+ 0.007 0.43+£0.18 28.1 1.80 81.7 0.82
10 6.39 £ 0.06 19.44 £0.35 3.61 £041 23.05 0.83 £0.08 0.890+ 0.020 0.20+ 0.03 35.7 0.82 49.1 0.49

MBMQ 103 6.43 £0.05 32.97 £0.53 3.99 +£0.63 36.96 0.78 £0.07 0.898+0.010 0.41+0.03 35.1 1.29 68.3 0.68
10 6.90 £ 0.06 34.34 £0.59 5.20 £ 0.68 39.54 0.68 £ 0.05 0.899+ 0.009 0.52+0.10 30.3 1.20 70.3 0.70
103 6.92 +0.06 67.05 £0.62 15.77 £0.73 82.82 0.62 +0.03 0.908+ 0.006 2.31+£0.40 26.0 2.15 86.0 0.86
10 6.63 £0.06 22.71 £0.29 5.67 £0.39 28.38 0.66 = 0.05 0.897+0.001 0.77+£0.12 294 0.83 60.5 0.60

CBMQ 107 6.96 £ 0.06 26.79 £ 0.37 5.49 £0.46 32.28 0.65 £0.05 0.892+ 0.009 1.52+0.10 28.6 0.92 63.7 0.64
10+ 7.04 £0.06 41.25+0.43 10.80 £ 0.64 52.05 0.59 £0.03 0.896+ 0.008 2.16x£0.30 28.2 1.46 77.4 0.77
103 7.22 £0.05 77.33 £0.83 18.56 £ 0.89 95.89 0.56 £0.03 0.906+ 0.006 272+ 0.41 21.5 2.06 88.3 0.88
10 7.22 £0.05 32.02 £0.61 222 +£0.61 34.24 0.68 £0.04 0.894+ 0.008 0.71£0.47 33.1 1.13 65.7 0.66

DCBMQ 107 7.24 £0.06 73.68 £0.63 14.02 £ 1.34 87.20 0.57£0.02 0.901+£ 0.006 4.54+ 0.60 31.4 2.73 86.5 0.86
10+ 7.46 £0.06 176.00 £0.59  32.61+ 0.30 208.61 0.33+£0.01 0.920+ 0.005 11.75+£ 0.65 21.4 4.46 94 .4 0.94
103 7.60 £0.06 284.60 £0.67 45.82+0.91 330.42 0.31+0.09 0.950+ 0.004 30.05+0.91 18.7 6.17 96.4 0.96
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3.1.2.2. Effect of electrolyte temperature

Figs. 5 and 6 show Nyquist graphics for CS in 2 M H3POj4 pre- and post- addition of
107 M of DCBMQ, CBMQ, MBMQ and BIMQ at 303 K-333 K range. A really good fit for

all collected EIS data was obtained with the model proposed early.
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Fig. 5. Nyquist diagrams for CS substrate in 2 M H3POs at different temperatures.
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Fig. 6. Nyquist plots for CS in 2 M H3PO4 medium containing 10~ M of various synthesized
8-hydroxyquinoline derivatives at different temperatures.

The spectrum impedance in both prior to and subsequent to the addition of
8-hydroxyquinoline derivatives exhibit also two single, the first capacitive loop at a high-
medium frequency and the second inductive loop at low frequency. The high-medium
frequency capacitive semi-circle is connected to the charge transfer process. The low-
frequency inductive semi-circle may be a result of the relaxation process brought about by the
ions of the inhibitors. The size of the capacitive loop declines with increasing temperature in
both inhibited and uninhibited electrolytes. The extracted corrosion parameters are collected
in Table 4. The inspection of the latter demonstrated that, the temperature rise prompts a
diminishing of R, values, initially explained by the increase of the rate of metal dissolution,
secondly by the displacement of the adsorption/desorption equilibrium verse the inhibitor
desorption and consequently an abatement of surface coverage degree. Besides, the n value
declined with temperature increasing, which construed as a proves for the surface
inhomogeneity increase. Furthermore, the 7z (%) for four synthesized 8-hydroxyauinoline
derivatives reveals a smaller fall at 303-333K range (decreased to 90.8% for DCBMQ, 82.2%

for both CBMQ/MBMQ and 77.2% for BIMQ at optimum concentration in 333 K), indicating
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that the four synthesized 8-hydroxyauinoline derivatives keep their stability and their the
inhibitive performance under these conditions.

Values of R, were utilized to estimated values of the corrosion current density (icorr) at
divers’ temperatures including and excluding of inhibitors using the next equation [49]:
icorr = RT (zFRp)"! (11)
where R is an ideal gas constant (R = 8.314 J mol! K!), F is the Faraday constant

(F =96 485 C) and z is the valence of iron metal (z = 2).
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Table 4

The corresponding EIS parameters at 303-333 K range of CS in 2 M H3;POs including and excluding 10> M of four 8-hydroxyquinoline

derivatives.

Inhibitor Temp. R Re R R, 10 A n L Ca 74 Nz
(K) (Qcm?) (Q cm?) (Qcm?) (Qcm?) (Q'S"cm?) (Hcm?) (uFcm?)  (ms) (%)
303 5.21 £0.02 9.710 = 0.060 2.010 = 0.080 11.72 2430 +0.090 0.880 % 0.005 0.19 £0.02 109.2 1.22 —

2 M H;PO, 313 428 £0.01 5.590 £0.044 0.560 £ 0.049 6.15 3.689 £0.360 0.879 £0.066 0.037 £0.036 159.6 0.98 —
323 2.79 +£0.02 2.629 £ 0.054 0.723 £0.069 3.35 4,786 £0.730  0.878 £0.020 0.053 £0.011 195.7 0.66 —
333 3.79 £0.01 1.855 +0.019 0.416 £0.019 2.27 6.068 +0.270 0.875+0.011 0.037 +£0.004 236.0 0.54 —
303 8.67 £0.06 56.530 £ 0.420 7.650 £0.520 64.18 0.600 £0.030  0.905+ 0.007 0.43+0.18 28.1 1.80 81.7

BIMQ 313 8.238 +0.070 29.420 +0.342 3.300 +0.510 32.72 0.748 +£0.040  0.878 +£0.009 0.47 +£0.150 32.43 1.06 81.2
323 7.617 +£0.050 14.360 + 0.317 2.250 +0.380 16.61 0908 +0.090 0.873 +0.013 0.034 +£0.01 35.28 0.58 79.8
333 7.397 +0.050 08.100 +0.168 1.844 +0.200 9.94 1.027 £0.150 0.868 £0.017 0.020 +0.04 36.03 0.36 77.2
303 6.92 +0.06 67.050 +0.620 15.770 = 0.730 82.82 0.620 £0.030  0.908 0.006 2.31+0.40 26.0 2.15 86.0

MBMQ 313 7.010 +£0.062 36.430 +0.520 06.710 £0.710 43.14 0.736 +£0.050  0.850 +0.008 093 +0.13 26.67 1.19 85.7
323 6.136 + 0.060 18.580 + 0.636 3.860 + 0.681 22.45 0910+0.010 0.846+0.014 0.04 +£0.016 29.47 0.66 85.0
333 7.169 £ 0.060 09.960 + 0.247 2.839 £0.310 12.80 1.000 £0.020 0.845 £0.016 0.03 £0.006 29.49 0.37 82.2
303 7.22 £0.05 77.330 £ 0.830 18.560 + 0.890 95.89 0.560 £0.030  0.906=x 0.006 272+ 041 21.5 2.06 88.3

CBMQ 313 7.576 +0.060 32.870 +£0.870 7.241 +0.840 40.11 0.640 +£0.050  0.885 +0.009 0.193 +£0.06 29.47 1.18 84.7
323 6.703 £ 0.060 16.000 £ 0.420 4.100 £ 0.456 20.01 0.749 £0.080 0.883 +£0.013 0.077 £0.02 31.66 0.64 83.3
333 7.472 +0.050 10.460 = 0.620 2.328 +£0.520 12.78 0.935+0.090 0.879 +£0.014 0.023 +£0.01 37.04 0.47 82.2
303 7.60 £0.06 284.60 £0.67 45.82 £0.91 330.42 0.310 £0.090  0.950+ 0.004 30.05+£0.91 18.7 6.17 96.4

DCBMQ 313 6.433 £ 0.060 151.30 £0.59 14.23 £0.99 165.53 0.396 £0.010  0.900 = 0.005 1.801 £0.93 22.65 3.74 96.2
323 6.770 = 0.060 73.12 +£0.58 10.15 £ 0.94 83.27 0.683 £0.040  0.858 +0.007 0.587 £0.22 29.03 2.41 95.9
333 7.080 + 0.068 27.54 +0.53 06.61 +0.64 34.15 0.853 +0.070  0.855+0.011 0.445 +0.09 30.92 1.05 90.8
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The icor values are used to estimate the apparent activation energy E according to the

according to the formula below [71].

-E
| =kex a 12
lCOIT P( RT ] ( )

where k is the Arrhenius pre-exponential factor. Additionally, the variation of apparent

enthalpy (AH ) and apparent entropy (AS ) for the establishment of the activation complex

in the transition state possibly determined through the above transition-state

. RT AS AH
equation:i=——exp — |exp ——— (13)
Nh R RT

where N and £ are the Avogadro’s and the Plank’s constants, respectively.

The variation of icor as a function 1/T in both before and since the synthesized
compounds match a straight line whose slope equal - E,/R. A graphic of Ln (icon/T) versus 1/T
match a straight line whose slope of (-AH ,/R) and intercept of (Ln R/Nh + AS./R). Both
graphics are illustrated in Figs. 7 and 6. The estimated values of E,, AH_ and AS,k are
summariZed in Table 5. The estimated values of E, for CS in the presence of four kinds of 8-
hydroxyquinoline derivatives are superior to that of 2 M H3POys electrolyte. Szauer et al. have
clarified that the growing in E_, may be related to a reduced in the adsorption process with
increasing temperature [71]. Additionally, the increase value of the £, may be explained by

the proceeding of specific interaction between inhibitor/electrode surface and with
electrostatic adsorption, correspondingly. The organic molecules studied have weak basic
properties, which promote their protonation in an acidic medium [72]. Mostly attacking the
nitrogen atom (N) in the rings imidazole and pyridine moieties, subsequently, they become

ionized, that are in equilibrium with the corresponding molecular form (Scheme 2):
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HN R' H\N R'
-— > H
| o + | o=
+ 2H .
i g
| H OH
2 Scheme 2. Protonation of DCMBQ molecule in 2 M H3PO4 medium.
3
4 Therefore, the solution will contain both the molecular and the cationic forms of the

5  compounds, Moreover, there are specifically adsorbed phosphate ions (they come from the
6  supporting electrolyte, which are usually characterized by low adsorbability). Thus, he

7  appears reasonable to suggest an electrostatic type of adsorption.

Ln (i) (uAcm’)

T T T T T T
3.10 3.15 3.20 3.25 3.30

q 1000/T (K™

9  Fig. 7. Ln (icorr) versus 1/T in 2 M H3PO4 without and with of optimum concentration of 8-
10  hydroxyquinoline derivatives.
11
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synthesized 8-ydroxyquinoline derivatives.

Table 5

Activation parameters for CS substrate in 2 M H3POj in the absence and presence of optimum
concentrations of 8-hydroxyquinoline derivatives.

Medium R? E, AH AS,

(kJ mol™) (kJ mol™) (J mol K1)
Blank 0.993 48.14 45.50 -36.02
BIMQ 0.998 55.32 52.68 -23.90
MBMQ 0.999 55.13 52.49 -29.75
CBMQ 0.984 59.39 56.75 -16.26
DCBMQ 0.988 65.39 62.74 -07.92

Based on the absolute value of AH it is possible to differentiate between the chemisorption

and the physisorption process. For a physisorption adsorption the enthalpy is equal to or lower
than 40 100 kJ mol™! while, a chemisorption it is equal to or higher than 100 kJ mol™! [72,73].
The obtained values of AH _ for all synthesized compounds are superior 40 but lower than 100
kJ mol™! suggest that the adsorption model is combination of physisorption and chemisorption

[74]. The AS, values of DCBMQ, CBMQ, MBMQ, BIMQ, and 1M HCI electrolyte are

negatives, which reveal that the activated complex in the rate-determining step stands for an

association rather than dissociation. The values of the activation energy are superior for
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inhibited solutions than for uninhibited solution. This could be the result of the adsorption of
four kinds of benzimidazole derivatives on the CS surface, which could be considered a
replacement process of water molecules during adsorption of benzimidazole derivatives on

the CS surface. This observation is in agreement with the findings of other workers [75,20].

3.2. Adsorption phenomenon

The scanning electron microscopy (SEM) was realized so as to investigate the impact
of different 8-hydroxyquinoline derivatives upon the steel surface morphology. The SEM
observations (Figs. 9a-f) of the CS substrate surfaces were taken at same amplification (x
1100) so as to see the progressions that occurred over corrosion process in the presence and
non-attendance of the studied inhibitors in 2 M H3PO4 electrolyte. The immerged metal
surface in H3PO4 solution without inhibitor was emphatically harmed (Fig. 9b) compared to
the slick and uniform metal surface with just little scratches by abrasive grains before the
immersion (Fig. 9a). After added 10® M of investigated compounds, the damage level of
metal surface is astoundingly decreased, which justify the effect inhibitive of studied
molecules. Besides, the metal surface in presence of DCBMQ is very smooth and less

damaged than other inhibitors.

— l0pm 09/19/2016
6.0kV LED WD 20.0mm 14:48:56

— lopm 09/19/2016
SEM WD 20.0mm 14:55:09
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e f
Fig. 9. SEM micrographs of CS surface: a) just after being polished, b) after 6 h immersion in

2 M H3PO4 and after 6 h of immersion in 2 M H3PO4 containing 10° M of ¢) BIMQ, d)
MBMQ, e) CBMQ and f) DCBMQ.

The new synthesized 8-hydroxyquinoline derivatives containing benzimidazole moiety
restrain corrosion of the CS by adsorbing onto the metal surface in a corrosive electrolyte. To
clear up this adsorption process, various models of adsorption isotherms can be utilized, a

better fit of EIS data was obtained through the Langmuir isotherm, which is defined by Eq. 14

[76]:
Cgh :KL-FCinh (14)

ads

where Kags named the equilibrium constant for the adsorption process, € is the surface

coverage which is represented by next formula (15):
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100

0= (15)

o

The Kags values are connected with free energy of adsorption (AG:, ) according to the

ads

following equation [76]:

-AG°
Ky = exp ~2%uw (16)
55.55 RT

where R is defined as constant molar gas and 55.55 is the concentration of water in solution in

mol L.

The analysis of Fig. 10 shows that for all the compounds the variation of the ratio
Cinn/60 as a function of Cinn is linear. This indicates that the adsorption of 8-hydroxyquinoline
derivatives on the CS surface in phosphoric medium obeys the Langmuir adsorption isotherm.
Therefore, the inhibition of corrosion is due to the formation of a single layer on the CS
surface [77], limiting the access of the electrolyte. The regression coefficients (R?) are all

close to 1 (R*> 0.999), confirming the validity of the chosen model.

0.0012
0.0009
-
IS
g 0.0006
N
\.J:
C 0.0003 BIMQ
MBMQ
A CBMQ
* DCBMQ
0.0000 -
T T T T T T T
0.0000 0.0003 0.0006 0.0009

C,, (mol L")

Fig. 10. Langmuir isotherm adsorption model of various synthesized 8-hydroxyquinoline
derivatives on the CS surface in 2 M H3POs.
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From the intercepts of the straight lines Cinn/6-axis, the Kags values were determined
and given in Table 6. The great values of Ka.ds are usually interpreted as an indicator of the

adsorption strength between the inhibitor molecules and the CS surface [78]. The calculated

AG;, values, using Eq. 16, were also listed in Table 6. The discrimination among
chemisorption and physisorption depends on the estimated value of AG;, . For a physisorption

mechanism the AG’, of adsorption ought to be equal to or under 20 kJ mol’ while, for
chemisorption it is equivalent to or superior to 40 kJ mol [79-81]. According to these
informations, the obtained AG,, values indicate that the adsorption mechanism of 8-
hydroxyquinoline derivatives on CS surface in phosphoric electrolyte is typical of
chemisorption. The negative value of DCBMQ indicates its strong adsorption on the CS
surface [82,83]. Moreover, |AG., | of 8-hydroxyquinoline derivatives decreases in the order

DCBMQ > CBMQ > MBMQ > BIMQ, this is in great concurrence with the ranking of

inhibitive properties got from the electrochemical methods.

Table 6
Thermodynamic parameters for the adsorption of various synthesized 8-hydroxyquinoline
derivatives in 2 M H3PO4on the CS at 303 K.

Inhibitor R? Kads4 1 AG®, -0, AS°,
A0"MD)  qymoly  Jmol") (kI mol?)
BIMQ 0.999 9.08 -38.88 7.64 103.10
MBMQ 0.999 10.07 -39.14 7,55 104.26
CBMQ 0.999 14.47 -40.05 -11.89 92.94
DCBMQ 1.000 76.25 4424 2535 62.34

The estimation of the adsorption heat (—Q_, ) was assessed from the next equation [84,85]:

i = _Q”dS
(1—9) innh( RT j (17)

where ¢ is a constant, Ciqn is the inhibitor concentration, 6 is the occupied, (1 - ) is the

vacant site not occupied by the inhibitor [86]. Fig. 11. illustrates the variation of Ln [6/(1 - 8)]
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as a function of the inverse of the temperature for the different synthesized compounds. The

lines obtained have a slope equal to (—Q, /R). The negative values of —Q_, , given in Table

6, indicated that the adsorption of used inhibitors on the CS surface is exothermic. In other

words, the negative —Q_, values exhibit that the rate of adsorption and the inhibition

efficiency decreased with increase in temperature also supporting physical adsorption [87]. It

is reported that the adsorption heat might be approximately considered as the standard

enthalpy of adsorption (AH ., ) under studied conditions [60,88]. Therefore, the standard

ads

o
ads

adsorption entropy (AS;, ) was obtained based on following thermodynamic basic equation

[87,88]:
AG:ds= AHzfds - T AS:fcls (18)

The obtained AS, values in the presence of studied compounds are huge and positive (Table

6), uncovers that a decline in disordering during the passage of from reactant to the activated

complex [89].

44 = BIMQ
MBMQ
A CBMQ

34

*

Ln [4(1-0)]
»

3.00 ' 3.05 ' 3.10 ' 3.|15 ' 3.I20 ' 3.25 3.30
1000/ T (K™

Fig. 11. Ln (6/(1- 6)) vs. 1/T for adsorption of synthesized 8-hydroxyquinoline derivatives on
the CS surface.
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X-ray photoelectron spectroscopy (XPS) analysis was performed to provide insight to
the adsorption mechanism of the 8-hydroxyquinoline derivatives and to investigate the
composition of the organic adsorbed layer on the CS surface in the phosphoric acid medium.
High-resolution XPS spectra (C 1s, N 1s, O 1s, Cl 2p, P 2p and Fe 2p), obtained from carbon-
steel sample subsequent of immersion in 2 M H3PO4 with 10 M of inhibitor at 303 K are
shown in Fig. 12. Only XPS results of DCBMQ are presented. XPS spectra show complex
forms, which were assigned to the corresponding species through a deconvolution fitting
procedure using the CASA XPS software.

The deconvolution of the C 1s spectrum may be fitted into four components,
indicating different carbon environments, located at 285.0, 286.0, 288.8 and 290.2 eV (Fig.
12, Table 7). The first component, has the largest contribution (61 %), can be assigned to the
C—C, C=C and C-H bonds in the DCBMQ molecule [90]. The second constituent is mainly
ascribed to the C—N, C=N and C-O bonds [91]. The third component can be associated to the
carbon atom of the C=N" in 8-quinolinol and in benzimidazole moieties in the DCBMQ
molecule [92], resulting probably from the protonation of the =N— structure, as described in
the Scheme 2, and/or the coordination of nitrogen with the iron of steel surface. The last and
less intense component (2 %) at binding energy (290.2 eV) can be ascribed to shake-up
satellite due to 77 77* transitions in aromatic rings [93].

The high-resolution CI 2p core-level of CS substrate covered with DCMBQ is best
resolved with at least two spin—orbit-split doublets (Cl 2pi» and Cl 2p3;) as illustrated in
Fig. 12, with binding energy for Cl 2p32 peak lying at about 200.5 eV [94]. This component

can be associated to C1-C bond of CloCsH> group [94], belonging to the DCMBQ molecule.
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Fig. 12. High-resolution X-ray photoelectron deconvoluted profiles of C 1s, N 1s, CI 2p,
O 1s, P 2p and Fe 2p3» for DCBMQ treated CS substrate.
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Table 7
Binding energies (eV), relative intensity and their assignment for the major core lines
observed of DCMBQ treated CS substrate

Element Position Assignment
V)

Cls 285.0 (61 %) C-H/C-C/C=C
285.9 (25 %) C-N/C=N/C-0O
288.8 (12 %) C=N*
290.2 (2 %) T-T* shakeup satellite

N 1s 400.0 (79 %) =N- structure, N-C
401.9 (21 %) =N*H

O1s 530.1 (12 %) 0% in Fe,03 / O=P in FePO4
531.6 (84 %) OH in FeOOH / (P-O in FePOy) / C-O
533.3 (4 %) Adsorbed H,O

Cl2p 200.5 (83 %) CI-C (C1 2p3p)
202.0 (17 %) CI-C (C1 2pip

P 2p 133.4 (72 %) P 2p3/2 (PO43' in FePO4)
134.3 (28 %) P 2p1/2 (PO43' in FePO4)

Fe 2p3; 707.1 (4 %) Fe?

710.9 (33 %)
711.6 (63 %)

Fe** in Fe,03 and in FeOOH
Fe?* in FeOOH and in FePO4

The investigated bare CS is nitrogen free [95] and therefore, the adsorption of
8-hydroxyquinoline derivatives on the steel surface can be explained based especially on the
N 1s signal presence. The surveyed spectrum for N 1s of protected carbon steel with DCBMQ
in 2 M H3POg4 can be fitted into two main components indicating therefore the presence of
two chemical states of nitrogen (Fig. 12, Table 7). The presence of the N species demonstrates
that the investigated 8-hydroxyquinoline derivative (DCMBQ) molecules are adsorbed on the
steel surface. Indeed, the first N 1s component, located at 400.0 eV, has the largest
contribution (79%) and can be attributed to the C—N in the benzimidazole moiety and to the
unprotonated N atom (=N- structure) in the 8-quinolinol and benzimidazole moieties [96]. It
is significant that this component slightly shifted to higher binding energy side (AE, = 0.51
eV) compared to that one observed in the case of pure DCMBQ (Fig. 13). The same trend is
shown in the case of the other 8-hydroxyquinoline derivatives (Table 8). This behavior was
explained by the coordination of the unprotonated N with the iron atom of steel surface, i.e.
formation of N-Fe bond complex, which leads to a positive polarization of the nitrogen atom,
and therefore a core-level chemical shift to higher binding energy is produced [97,98]. The
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second N 1s component, located at 401.9 eV, component may be associated to the positively
charged nitrogen, and could be related to protonated nitrogen atoms (=N*H-) in the 8-
quinolinol and benzimidazole moieties in the DCBMQ molecule [99,100]. On the basis on the
N 1s XPS results, we can conclude that the adsorption occurs through chemical chelation of
the vacant d orbitals of iron with the lone sp? electron pairs present on the N atom (=N-—

structure) in the 8-quinolinol and in benzimidazole moieties of the investigated inhibitors.
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Fig. 13. High-resolution X-ray photoelectron deconvoluted profile of N 1s for a-pure
DCBMQ and b- DCBMQ treated CS substrate in 2 M H3PO4 medium.
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Table 8
Shift binding energy values for N 1s component (=N- structure) of 8-hydroxyquinoline
derivatives before and after immersion in 2 M H3PO4 medium.

Inhibitor AE, (eV)
BIMQ 0.70
MBMQ 0.63
CBMQ 0.32
DCBMQ 0.51

The O 1s spectrum for CS surface after immersion in 2 M H3PO4 solution containing
DCMBAQ can be resolved into three components (Fig. 12, Table 7). The first one, at 530.1 eV,
is attributed to oxygen double bonded to Fe** in the iron oxide (Fe,Os) [101] and non-
bridging oxygen in the phosphate group (P=0) [94]. The second component, located at. 531.6
eV, is the most intense one (80 %), can be assigned to combined effects of singly bonded
oxygen (—-O-) in Fe—-0O, in P-O and in C—O-H groups. Indeed, this component can be partly
ascribable to OH™ of hydrous iron oxides, such as FeOOH [102] and to O-P in the adsorbed
phosphate group (PO4>) [103] and partly assigned to singly bonded oxygen (—-O-) in C—-O and
in O-H which are present in the DCMBQ molecules [104]. However, the separation of
inorganic (O in FeOOH, phosphates) and organic oxygen (O in carbonyl groups)
contributions since O 1s signal is not possible [105]. The latest at 533.3 eV can be attributed
to oxygen of adsorbed water [106], which remained on the surface after drying the sample.

The P 2p spectrum of CS surface after immersion in 2 M H3POg solution containing
DCMBQ was fitted into two asymmetric main components ~0.9 eV apart, assigned to P 2p3»
at 133.5 eV and P 2pi,; at 134.4 eV, due to spin splitting, as given in Fig. 12. This is attributed
to PO4* in agreement with the presence of the FePOs as detected in the O 1s spectrum [103].

From the Fe2p signal in Fig. 12 for the CS surface covered with DCMBQ, two
characteristic peaks Fe2pi at 725 eV (not given) and Fe2ps, at 711 due to spin splitting are
evident. The deconvolution of the high resolution Fe 2ps3» XPS spectrum consists in three

main components, as shown in Fig. 12 and Table 7, corresponding to the same groups
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combining oxygen to iron, observed in the case of the O 1s signal: Fe;O3, FeOOH and FePOu.
The first one, at 707.1 eV, was attributed to metallic iron [92]. The second one at 710.9 eV
may be associated to ferric oxide species such as Fe,Os (i.e., Fe** oxide) and/or to ferric
hydroxide species such as FeOOH [92]. The latest, at 711.6 eV, presents the highest
contribution (62 %), can be associated to the presence of FeEOOH and FePO4 [92,107].

XPS surface elemental analyses of DCMBQ extract and DCMBQ-treated steel
samples were also performed and given in Table 9. In both cases, the sum of the atom
concentrations was normalized to 100% in order to easily compare surface concentrations for
the different elements. Inspection of the obtained results shows the presence of N atom (3.72
%) on the steel surface probably due to the DCMBQ adsorption through chemical chelation of
the lone sp® electron pairs present on the N atom of the hetercocyclic ring of
8-hydroxyquinoline derivative with the vacant d orbitals of iron. The atom concentration of
oxygen is high in the case of DCMBQ-treated steel sample (38.25 %) compared to that of
DCMBQ powder (13.51 %) (Table 8). This difference is normally due to the formation of
oxidized species (Fe2O3, FeOOH and FePOs) in 2 M H3POs4 and therefore DCMBQ molecules
are incorporated into the oxide/hydroxide iron layer formed on the CS surface. The
appearance of phosphorus element (4.56 %) on the steel surface confirms the formation of
FePOys due to the testing medium (2 M H3zPOy).

The above XPS detail analyses (qualitative and quantitative) demonstrate that the
presence of chemical (chemisorption) interactions between surface steel ions and DCMBQ
and confirm the adsorption isotherm findings. The addition of this 8-hydroxyquinoline
derivative in the corrosive solution promotes the formation of the stable metal-organic
complex (DCMBQ/Fe) and an insoluble oxide layer leading to reduce the attack of acid ions

as well as restraining the corrosion process simultaneously.
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Table 9
Surface elemental concentrations (% At.) in DCMBQ powder and DCMBQ treated-steel

Element DCMBQ powder DCMBQ treated-steel
C 72.66 49.05

(0] 13.51 38.25

N 7.71 3.72

Fe O 4.41

P 0 4.56

Cl 6.12 O

3.3. Quantum chemical calculations

DFT/B3LYP/6-31+G(d,p) optimized structures of BIMQ, CBMQ, DCBMQ and
MBMQ are shown in Fig. 14. It was observed that the quinolin-8-ol ring and benzimidazole
ring are not on the same plane as the two rings have a torsion angle of about 79°-82°
depending on the molecule. In other words, there is a need to identify the ring moiety that has
the maximum overlap with mild steel in the adsorption process. Though the variation in the
dihedral angles (listed in Fig. 14) does not follow a particular trend, it is noteworthy that
BIMQ with the largest torsion angle, -81.50° (between the two rings) has the lowest inhibition
efficiency, while DCBMQ with the lowest torsion angle, 79.24° has the highest inhibition
efficiency recorded from the experiments. This suggests that planarity of the molecules might

influence their corrosion inhibition efficiency [108-110].
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Fig. 14. Optimized structures of the neutral and protonated forms of the studied
8-hydroxyquinoline derivatives.

The frontier molecular orbitals electron density isosurfaces are shown in Fig. 15. The
distribution of highest occupied molecular orbital (HOMO) electron density for the molecules
revealed that the major orbitals that contribute to the HOMO are those of the quinolin-8-ol
moiety. Surprisingly the electron density of the lowest occupied molecular orbitals are also
distributed over the quinolin-8-ol ring. These observations could lead one to assume that the
inhibitor molecules would preferably interact with mild steel via the quinolin-8-ol. The
adsorption of the inhibitor molecules on mild steel surface might be through the plane of

quinolin-8-ol ring.
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Fig. 15. HOMO and LUMO electron density isosurfaces of the investigated

8-hydroxyquinoline derivatives (isosurfave value = 0.02).

Selected quantum chemical parameters or reactivity indices of the studied inhibitor
molecules (both neutral and protonated) are listed in Table 10. The studied compounds are
more prone to protonation on the sp? benzimizalole nitrogen since benzimidazole is more
basic (having a smaller pKp) than quinoline [111]. Therefore, the protonated species were
considered as those in which the proton is attached to the benzimidazole sp? nitrogen. For a
conventional corrosion inhibitor whose reactivity is governed by its frontier molecular
orbitals behavior, higher HOMO energy (Enomo) and lower LUMO energy (EvLumo) are
associated with higher tendency to donate electron to vacant metallic orbital, and hence higher
corrosion inhibition efficiency [112]. Few instances of lower Erumo as an indication of
possible back-donation from occupied orbitals of the metal to the anti-bonding orbitals of the
inhibitor and a drive for improved adsorption of the inhibitor molecules on the metal surface
have also been documented [113,114].

The trend of Enomo values in Table 10 when compared with the order of inhibition

efficiencies does not support increasing inhibition efficiency with increasing Enomo.
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However, a near linear correlation was observed for the ELumo values in comparison with the
order of inhibition efficiencies recorded from the experiments (DCBMQ > CBMQ > MBMQ

> BIMQ) such that DCBMQ with the lowest Erumo has the highest inhibition efficiency.

Table 10
Quantum chemical parameters for the neutral and protonated forms of of 8-hydroxyquinoline

derivatives obtained using the B3LYP/6-31+G(d,p)//IEFPCM model.

Parameters—  Enomo  ELumo AE n X AN Dipole moment
Inhibitor | (eV) (eV) (eV) (eV) (eV) (Debye)
Neutral species
BIMQ -6.116  -1.835 4.281 2.140 3.975 0.197 5.031
CBMQ -6.130  -1.842 4.288 2.144 3.986 0.195 3.767
DCBMQ -6.141  -1.850 4.291 2.145 3.995 0.192 5.309
MBMQ -6.107  -1.830 4.277 2.139 3.969 0.199 5.218
Protonated species

IMQ-H* -6.319  -1.978 4.341 2.171 4.148 0.155 13.364
CBMQ-H* -6.328  -2.288 4.040 2.020 4.308 0.127 8.947
DCBMQ-H* -6.338  -2.282 4.055 2.028 4.310 0.126 6.545
MBMQ-H*  -6.311 -1.972 4.339 2.169 4.142 0.156 12.352

Furthermore, electronegativity is a measure of the ability of a molecule to retain its
pairs of electrons. The order of electronegativity of the inhibitors is DCBMQ > CBMQ >
MBMQ = BIMQ, which suggests than the corrosion inhibition potentials of the molecules
might be related with the tendency of the molecules to accept electrons from occupied
metallic orbitals. The dipole moments for the neutral inhibitor molecules do not correlate with
the observed trend of inhibition efficiencies. However, the dipole moments for the protonated
species suggest that a protonated molecule with lower dipole moment is better disposed to
accumulation in the surface layer of the metal and therefore has higher corrosion inhibition

efficiency [112,115,116].
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3.4. Monte Carlo simulations

Adsorption of the studied inhibitor molecules on mild steel surface was modelled in
the absence and presence of phosphoric acid ions. The equilibirium configurations for the
adsorption the molecules on Fe(110) both in isolation and in the presence of 60 H3O" and 20
PO, are shown in Fig. 16. It is evident from BIMQ/Fe(110), CBMQ/Fe(110),
DCBMQ/Fe(110) and MBMQ/Fe(110) that the inhibitor molecules adsorb on Fe(110) surface
via the plane of the quinolin-8-ol moiety as the plane of the ring lies nearly flat to the metallic
surface. Since the inhibitor molecules would compete with acidic ions (H;O* and PO4>"), the
adsorption of inhibitor molecules in the presence of these ions was also examined and the
equilibirium configurations in Fig. 16 revealed that the studied inhibitor molecules have good
tendency of displacing the corrosive acidic ions from the metallic surface. Adsorption
energies of the optimized inhibitor-Fe(110) complexes without and with acidic ions are listed
in Table 11. The order of increasing magnitude of the adsorption energy (Eads) for the
adsorption of isolated inhibitor molecule (in the absence of corrosive acidic ions) is DCBMQ
(Eags = -666.99 kJ/mol) > CBMQ (Eags = -646.24 kJ/mol) > MBMQ (Eags = -642/77 kJ/mol) >
BIMQ (Eas = -621.11 kJ/mol). Similar trend was obtained for the adsorption of inhibitor
molecules in the presence of acidic ions. The simulation results are in good agreeement with

the experimentally observed trend of corrosion inhibition efficiencies.
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Fig. 16. Adsorbed inhibitor molecules on Fe(110) surface in absence and presence of 60
molecules of H3O* and 20 molecules of PO obtained from Monte Carlo simulation.
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Table 11

Estimated energy values for the adsorption of 8-hydroxyquinoline derivatives on Fe(110)
surface in the absence and presence of 60 molecules of H3O" and 20 molecules of PO4*-
obtained from Monte Carlo simulation.

System Eaas (KJ/mol)
BIMQ/Fe(110) -621.11
CBMQ/Fe(110) -646.24
DCBMOQ/Fe(110) -666.99
MBMOQ/Fe(110) -642.77
BIMQ + 60 H3;0" + 20 PO4*/Fe(110) -775.38
CBMQ + 60 H3;O" + 20 PO4*/Fe(110) -856.85
DCBMQ + 60 H3;O* + 20 PO4*/Fe(110) -831.08
MBMQ + 60 H;O0* + 20 PO4*/Fe(110) -808.74

O 03 N
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4. Conclusions

Four new the 8-ydroxyquinoline derivatives containing benzimidazole moiety were
synthesized and identified by 'H, '>*C NMR and elemental analysis. The impact of these four
heterocyclic compounds on the corrosion inhibition for carbon steel in 2 M H3POs solution
was investigated using experimental and theoretical techniques. The experimental results
showed that the chemical structure of the 8-ydroxyquinoline derivatives containing
benzimidazole moiety impairs the inhibitory efficiency, generally they are good to excellent
protection for steel corrosion. At the concentrations studied, inhibition performance follows
the sequence DCBMQ > CBMQ > MBMQ > BIMQ. The results obtained from
potentiodynamic polarization data indicate that the investigated compounds are mixed type
inhibitors. Impedance studies were analysed using an equivalent circuit for effects of
concentration and temperature for all tested inhibitors. All 8-ydroxyquinoline derivatives are
adsorbed on the metal surface according to Langmuir adsorption isotherm model and the
corresponding values of AG;, revealed that their adsorption mechanism on steel surface is
mainly due to chemisorption. XPS results confirm the thermodynamic findings and reveal the
formation of protective film on the carbon steel surface in 2 M H3PO4 medium, composed by
an iron oxide/hydroxide/phosphates layer, in which the 8-hydroxyquinoline molecules are
incorporated. Both the computational DFT calculations and Monte Carlo simulations results
revealed that the inhibitor molecules adsorb on mild steel surface through the 8-
hydroxyquinoline ring plane and the theoretical parameters correlate reasonably with the trend

of experimental inhibition efficiencies.
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