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Abstract

An effective and accessible synthesis of alkoxy arylnicotinonitriles was achieved via a
four-component reaction of 4-hydroxybenzaldehyde, acetophenones, malononitrile in the
presence of RONa. The synthesized alkoxy arylnicotinonitrile derivatives containing
pyridine moiety were predestined as inhibitors for C1018-steel (CS) corrosion in 1.0 M
HCI using potentiodynamic-polarization (PDP) and electrochemical impedance
spectroscopy (EIS) methods. PDP plots were demonstrated that the arylnicotinonitriles
behave as typical inhibitors of the mixed-type. They have also suppressed the CS
corrosion at lower [inhibitor] and accomplished an inhibition capacity ranged from 87.6 to
98.2% in 0.7 mM. Their adsorption on the CS interface follows the isotherm model of
Langmuir and they include both chemisorption and physisorption mechanisms, with a
preference of chemisorption. The morphology of the CS surface was examined utilizing
Fourier Transform Infrared Spectroscopy (FTIR) and field-emission scanning electron
microscopy (FE-SEM). Moreover, Density Functional Theory (DFT) calculations confirm
the empirical findings and the adsorption of arylnicotinonitrile derivatives on the CS
interface.

Keywords: Arylnicotinonitrile derivatives; One-pot syntheses; Corrosion inhibition;

Surface morphology; DFT calculations; EIS



1. Introduction

Its sufficient mechanistic features, a facility of fabrication and availability and
frugal accounts have manufacture carbon steel (CS) the substances of preference in many
processing implementations including petroleum refining, production, construction,
chemical treatment, and metal treatment equipment [1-4]. Nevertheless, CS has defects of
needy corrosion resistance in corrosive acid medium and it might culminate
comprehensive harm if utilized without protection. Among the corrosive environments,
exceedingly using of hydrochloric acid to eliminate Fe-oxide and rust in industrial
treatment including oil-well acidizing, acid-descaling, steel pickling, purifying of boiler
pipes, raw treatment, and petroleum processes at temperatures ~ 50-60 °C [5, 6].

One of the generality considerable processes for CS protection from corrosion
is applied the inhibitor compounds, which are closely utilized to extenuate metal
damage problems in CS immersed in different media. The most widespread corrosion
inhibitors are organic molecules related to their beneficial adsorption [7-9]. These organic
compounds protect the CS interface via the formation of the covering film, which
prohibits lineal contact of the CS with the corrosive solution, or it minimizes the corrosion
rates, that are produced from either reduction, oxidation and/or both through the
prohibiting of the cathodic and/or anodic active centers. The quality of the protection
approaches depends fundamentally on the configurations and the inhibitor interaction
process with the CS; also it depends on the features of the electrode interface, the
corrosive medium, the ionic species and/or the solvent adsorption [10]. The most efficient
adsorption of the corrosion inhibitors requires the occurrence of heterocyclic
structure containing heteroatoms N, S, O and/or P, double bonds (-C=C-), and lone-pair
electrons [11-14]. A vast majority of organic molecules have been suggested as inhibitors

for CS corrosion, but many of them are costly and difficult to prepare [15].



Newly, reports strive to the development and design of sustainable compounds for
corrosion control [16]. The pyridine moiety has emerged as a substantial scaffold because
of its expansion, in diverse natural products and its activity in biological and
pharmaceutical chemistry. Pyridine nucleus is also comprised of coordination compounds,
surfaces and materials [17]. Among the pyridine construction, alkoxy cyanopyridine
compounds have attracted considerable attention due to their broad application [18, 19].
Subsequently, the expansion of new processes for their preparation is still an attractive
goal. Newly, the one-pot reaction has earned great interest because of their
implementations in chemistry and medicinal, in addition to the synthesis of complex
molecules without the isolation of intermediates. Thus, an efficient and safe development
for the synthesis of these compounds is still of significance. Hither, the eco-friendly steps
for the synthesis of alkoxy arylnicotinonitriles were achieved through one-pot four-
component reaction of 4-hydroxybezaldehyde, acetophenone derivatives, and
malononitrile in the presence of sodium alkoxides. In the present work, the four
derivatives of 2-alkoxy-4-(4-hydroxyphenyl)-6-arylnicotinonitrile; namely:  4-(4-
hydroxyphenyl)-2-methoxy-6-(4-methylphenyl)nicotinonitrile (AHAN-1), sodium 4-[3-
cyano-2-(2-ethoxyethoxy)-6-phenylpyridin-4-yl]phenolate (AHAN-2), 2-(2-
ethoxyethoxy)-4-(4-hydroxyphenyl)-6-(4-methylphenyl)nicotinonitrile (AHAN-3), and 2-
(2-ethoxyethoxy)-4-(4-hydroxyphenyl)-6-(4-methoxyphenyl)nicotinonitrile  (AHAN-4)
were prepared, studied for corrosion inhibition characteristics and their adsorption on CS
in 1.0 M HCI (Scheme 1). The chosen of arylnicotinonitrile derivatives as potent
inhibitors for CS corrosion is due to their ease production and the presence of pyridine
moiety in their structure with confirming CS protection capabilities. Experimental
methods including PDP, EIS, FTIR, and SEM were used to gain knowledge about the

adsorption mechanism of the synthesized arylnicotinonitrile at the CS surfaces. Moreover,



DFT calculations were completed on the fabricated inhibitors to reinforce experimental

findings.

2. Experimental section

2.1. Instrument, solutions and materials

All information about reagents, reactions, and spectral apparatus: FT-IR, *H NMR,
13C NMR and elemental analyses were recorded in Supporting Information. The
corrosion measurements were performed in the steel (C1018) specimens with the
composition: Ni 0.18 %, C 0.19 %, Si 0.15 %, S 0.05 %, Mn 0.73 %, Cr 0.04 %, and
balance Fe. Prior each run, the CS specimens were treated mechanically by various SiC
emery papers (200, 400, 800, 1200, and 1500), then washed with bidistilled H2O, and
lastly rinsed with acetone. 1.0 M HCI (> 37 %, pH = 0.3) in the absence and presence of
arylnicotinonitrile inhibitors (2x10° to 7x10* mol/L) were prepared with bidistilled
water.

2.2. Corrosion tests

Electrochemical tests were completed using Gamry Potentiostat/Galvanostat/ZRA
workstation  (ref-600). Gamry instrument contains EIS300-software for EIS
measurements, software DC-105 for Tafel data, and Echem Analyst 6.0 software package
for result fitting. The working electrode (WE) is CS. Pt sheet and saturated calomel
electrodes (SCE) were utilized as a counter (CE), and reference electrodes (RE),
respectively. Before each measurement, the WE (CS) was exposed in the HCI for 50 min
to ensure a stationary- status open-circuit potential (Eocp). Experimental procedures of

EIS and PDP measurements were similar as described in our previous reports [20, 21].

2.3. General steps for the synthesis of 2-Alkoxy-4-(4-hydroxyphenyl)-6-
arylnicotinonitrile (AHAN-1, AHAN-2, AHAN-3, and AHAN-4):

An equimolar amount of 4-hydroxybenzaldehyde (2 mmol, 0.244 g) and



appropriate acetophenones: acetophenone, 4-methyl- , 4-methoxyacetophenone (2 mmol)
was added to 4.2 mmol of sodium alkoxide solution (RONa, prepared by dissolving 0.1 g
of sodium metal in 50 mL of appropriate alcohol: CH3OH and/or cellosolve). The
reaction mixture was stirred for 30 mins at 25-30 °C and allowed at the same
temperature for overnight. Malononitrile (2 mmoles, 0.14 g) was then added to the
reaction mixture and refluxed for 2—4 hrs (monitored by TLC). The reaction mixture was
allowed to cool and added dropwise onto crushed-ice, (in case AHAN-2, after cooling
the reaction, the formed precipitate of AHAN-2 was collected and filtered as sodium salt
without acidification). The solution was filtered off from impurities, and the filtrate was
acidified by using HCI solution. The formed precipitate was collected, filtered,

desiccated and recrystallized from ethyl alcohol.

2.4. Characterization Data of (AHAN-1, AHAN-2, AHAN-3, and AHAN-4):

4-(4-Hydroxyphenyl)-2-methoxy-6-(4-methylphenyl)nicotinonitrile (AHAN-1):
Yield 96 %; white solid; m.p.: 266-267 °C. FTIR (ATR) vmax 3334 (O-H), 3063,

3019 (C-H aromatic), 2980, 2946 (C-H aliphatic), 2227 (C=N), 1612 (C=N) cm™; H
NMR & (ppm): 2.37 (s, 3H, CHs), 4.10 (s, 3H, OCHs3), 6.94-6.96 (d, J = 8.2 Hz, 2H,
CHarom), 7.30-7.32 (d, J = 7.7 Hz, 2H, CHarom ), 7.58-7.60 (d, J = 8.2 Hz, 2H, CHarom),
7.62 (s, 1H, CHarom.), 8.08-8.10 (d, J = 7.8 Hz, 2H, CHarom), 10.05 (s, 1H, OH); 3CNMR
5 (ppm): 21.4, 54.7, 91.6, 113.3, 116.1, 116.2, 126.8, 127.7, 129.9, 130.6, 134.5, 140.9,
156.6, 157.5, 159.8, 164.9. Elemental Analysis Calcd. (%) for C2oH1s O2N2 (316.35): N,
8.86; C, 75.93; H, 5.10. Found: N, 8.74; C, 75.88; H, 5.13.
Sodium 4-[3-cyano-2-(2-ethoxyethoxy)-6-phenylpyridin-4-yl]phenolate (AHAN-2):
Yield 95 %; white solid; m.p.: 300-310 °C (Dec.). FTIR (ATR) vmax 3065 (C-H
aromatic), 2974, 2950, 2873 (C-H aliphatic), 2229 (C=N), 1608 (C=N) cm™*; 'H NMR ¢

(ppm): 1.11-1.15 (t, J = 7.0 Hz, 3H, CHs), 3.53-3.58 (g, J = 7.0 Hz, 2H, CHsCHb>), 3.80-



3.83 (t, J = 4.7 Hz, 2H, CH>), 4.68-4.70 (t, J = 4.8 Hz, 2H, CH>), 6.95-6.97 (d, J = 8.6 Hz,
2H, CHarom.), 7.52-7.55 (m, 3H, CHarom.), 7.62-7.64 (d, J = 8.6 Hz, 2H, CHarom.), 7.71 (s,
1H, CHarom), 8.20-8.22 (m, 2H, CHarom); 2CNMR & (ppm): 15.5, 66.2, 67.0, 68.3, 92.2,
113.8, 116.1, 116.2, 126.8, 127.8, 129.3, 130.7, 131.0, 137.3, 156.9, 157.5, 159.9, 164.7.
Elemental Analysis Calcd. (%) for C22H19N2NaOs (382.38): C, 69.10; H, 5.01; N, 7.33.
Found: C, 69.03; H, 4.89; N, 7.31.
2-(2-Ethoxyethoxy)-4-(4-hydroxyphenyl)-6-(4-methylphenyl)nicotinonitrile (AHAN-3):

Yield 94 %; white solid; m.p.; 162-164 °C. IR (ATR) vimax 3298 (O-H), 3027 (C-H
aromatic), 2969, 2917, 2866 (C-H aliphatic), 2229 (C=N), 1615 (C=N) cm™*; 'H NMR ¢
(ppm): 1.14-1.15 (t, 3H, CHs3), 2.39 (s, 3H, Ar-CHs), 3.58 (g, 2H, CH3sCH?>), 3.82 (t, 2H,
CH2CH?>), 4.70 (t, 2H, CH2CH>), 6.96 (s, 2H, CHarom.), 7.34 (S, 2H, CHarom.), 7.68 (s, 1H,
CHarom), 8.12 (5, 2H, CHarom), 9.91 (s, 1H, OH); 3CNMR & (ppm): 15.5, 21.4, 66.2
(disappeared by Dept-135), 66.9 (disappeared by Dept-135), 68.4 (disappeared by Dept-
135), 91.8, 113.4, 116.1, 126.9, 127.8, 128.0, 129.9, 130.7, 134.6, 140.9, 156.8, 157.5,
159.8, 164.6. Elemental Analysis Calcd. (%) for C23sH22N203 (374.43): C, 73.78; H, 5.92;
N, 7.48. Found: C, 73.72; H, 5.75; N, 7.35.
2-(2-Ethoxyethoxy)-4-(4-hydroxyphenyl)-6-(4-methoxyphenyl)nicotinonitrile  (AHAN-
4):

Yield 88 %; white solid; m.p.: 200-202 °C. IR (ATR) vma 3284 (O-H), 3025 (C-H
aromatic), 2974, 2913, 2867 (C-H aliphatic), 2225 (C=N), 1607 (C=N) cm™; IH NMR ¢
(ppm): 1.13-1.16 (t, J = 6.9 Hz, 3H, CH3), 3.55-3.60 (g, J = 6.9 Hz, 2H, CH3CHb>), 3.81-
3.83 (t, J = 4.3 Hz, 2H, CH>), 3.85 (s, 3H, OCHs3), 4.67-4.70 (t, J = 4.3 Hz, 2H, CH>),
6.95-6.97 (d, J = 8.3 Hz, 2H, CHarom.), 7.06-7.09 (d, J = 8.4 Hz, 2H, CHarom.), 7.61-7.63
(d, J = 8.3 Hz, 2H, CHarom.), 7.64 (s, 1H, CHarom.), 8.18-8.20 (d, J = 8.4 Hz, 2H, CHarom)),

9.93 (s, 1H, OH); **CNMR ¢ (ppm): 15.5, 55.9, 66.2 (disappeared by Dept-135), 66.9



(disappeared by Dept-135), 68.4 (disappeared by Dept-135), 91.2, 112.9, 114.8, 116.1,
127.0, 129.5, 129.8, 130.5, 130.6, 156.7, 157.3, 159.8, 161.9, 164.6. Elemental Analysis
Calcd. (%) for C23H2204N2 (390.43): H, 5.68; C, 70.75; N, 7.17. Found: H, 5.49; C,
70.82; N, 7.15.

2.5. Surface morphology investigations

The surface morphologies of the CS immersed in the studied corrosive medium free
inhibitor and in the presence of 7x10* mol/L of AHAN-4 for 48 h were determined using
a JEOL JSM-6610 LV Scanning Electron Microscope (SEM).

The FTIR spectra of pure AHAN-4 and AHAN-4 adsorbed on the CS interface in 1.0 M
hydrochloric acid were performed in 4000-400 cm™ frequency range. With a view to
examine the spectrum of adsorbed AHAN-4 on the CS interface, the sample was exposed
in 1.0 M hydrochloric acid containing 7x10** mol/L of AHAN-4 for 48 h at 323 K. After
accomplishment of immersion, the sample was removed, desiccated, and its surface layer
was scratched and the consequent powder exposed to FT-IR instrument.

2.6. DFT calculations

Density Functional Theory (DFT) calculations were performed on PC (Pentium I, 733
MHz) using MOPAC2000 [22] with WIinMOPAC 2.0 [23] as a graphic interface. Full
geometric optimization was accomplished with the semi-empirical PM3 method using the

eigenvector-following routine (EF) [24, 25].

3. Results and discussions

3.1. Chemistry

The proposed mechanism for the construction component 5 was presumed to
introduce through the formation of chalcones 3 by condensation reaction between
acetophenones 1 and 4-hydroxybenzaldehyde 2 in basic medium, (Scheme 2). Michael

addition of malononitrile 4 on the formed enones 3 gives intermediate A. The produced A



undergoes a nucleophilic attack by alkoxide anion to yield intermediate B, which is easily
cyclized to afford the coveted products as previously reported [18]. All AHANSs
compounds were confirmed by spectral data FTIR, *H-, 3C-NMR and elemental analyses
(see Supporting Data).

3.2. PDP measurements

The applied of potentiodynamic-polarization (PDP) tools can be submitted
substantial data about the kinetics of corrosion processes [26]. The PDP diagrams of CS
in blank 1.0 M hydrochloric acid and containing different concentrations of compound
AHAN-4 are presented in Fig. 1(A). PDP plots in the blank (free inhibitors) and inhibited
medium containing optimum dose 7x10* M of all the investigated compounds (AHAN-1,
AHAN-2, AHAN-3 and AHAN-4) at 323 K are depicted in Fig. 1 B. It is seen from Fig. 1
(A and B), that both, the anodic CS degradation and cathodic hydrogen development
interactions are suppressed after the insertion of AHANs compounds to the corrosive
medium. The repressions of the cathodic and anodic reactions are more declared with the
raised inhibitor dose and it is lead to increment in inhibition power. The PDP indices, i. €,
the cathodic and anodic Tafel slopes (fc and f.), the corrosion potential (Ecor) and
corrosion current density (icorr) are given in Table 1. The icor was estimated by
extrapolation of linear branches of cathodic and anodic plots to the intersection dot. The
percentage of inhibition capacity (7ror/%) and interface coverage (¢) were obtained from

the values of icorr by applying the following Eqgn. [27] :

i(i)
nPDP/%—{l—%]xloo—exloo (1)

corr

where i) and i are the inhibited and uninhibited icorr, respectively. As presented in the

corr corr
polarization plot, the cathodic branch shifted to an additional negative potential and the

anodic site shifted to a more positive potential. According to the previous studies, if the



shift in Ecorr IS > 85.0 mV, the compound could act as an anodic or cathodic inhibitor, and
if its shift is < 85.0 mV, the compound is classified as an inhibitor of the mixed-type [28].
From Table 1, the Ecorr shift is less than 85 mV for all AHANs compounds, indicating that
they are considered as the mixed-type inhibitors.

As observed from Table 1, the values of fa and S are changed by raising the doses
of all studied compounds inhibitors, and it elucidates the effect of the inhibitors on the H>
evolution reaction. The shift in S could be attributed to the Cl-/inhibitor species adsorbed
onto the metal interface. As presented in Table 1, the values of icorr in the occurrence of
AHANSs compounds were less than that of the blank corrosive medium at all examined
concentrations. Moreover, their icor values diminished as their doses increment. This
means that AHANs compounds would efficiently prohibit CS corrosion. Values of icorr
stands at 3.67 mAcm™ in the absence of inhibitors (blank) compared to the AHAN-1
(0.45 mAcm?), AHAN-2 (0.39 mAcm?), AHAN-3 (0.24 mAcm?) and AHAN-4
(0.07mAcm™) in the presence of 7x10* M of inhibitor: icor (blank) >>> icor (AHAN-1) >
icor (AHAN-2) > icor (AHAN-3) > icorr (AHAN-4). The 6 values increase with raised in
inhibitor concentration. The AHAN inhibitor species are initially adsorbed on the CS
interface and covering the available interaction positions. From Table 1, it is reported that
the #ppp/% increase with the increase in [inhibitor] utilized in this investigation. In
summary, it is rationalistic to infer that the protection action could be caused by the
formulation of the adsorbed layer resulting from the interaction between —C=N- and
nitrogen hetero-atom and CS interface. Their corrosion inhibition performance follows the
sequence of AHAN-4>> AHAN-3> AHAN-2> AHAN-1.

3.3 EIS studies

More knowledge concerning the features and kinetics of CS corrosion in HCI medium and

the inhibition by arylnicotinonitrile compounds was obtained using electrochemical

10



impedance spectroscopy (EIS). The major characteristics of EIS are to follow the
corrosion performance of the CS with time. The Nyquist diagrams of CS in blank 1.0 M
HCI and containing varied concentrations of AHAN-4 (2x10° ~ 7x10™* mol/l) at 50 °C are
depicted in Fig. 2A. The similar plots were recorded for other inhibitors (AHAN-1,
AHAN-2 and AHAN-3). Nyquist plot of CS in 1.0 M HCI containing 7x10* M of
different inhibitors at 30 °C is presented in Fig. 2B. From Fig. 2 A, B, Nyquist profiles for
CS corrosion in uninhibited and inhibited solutions are represented by the imperfect
semicircles. These incomplete semicircles increment their diameter with the raised in
compound dose, and this imperfection in semicircles is a significance of the adsorption
layer formation on the CS interface and a charge transfer approach that controls the CS
corrosion in hydrochloric acid solution [29].

Inspection of Nyquist profile in Fig. 2 A, B displays jointly inductive loops and depressed
capacitive at low-frequency (LF) and high-frequency (HF), consecutively. Former
investigations have reported that the HF capacitive loop is attributed to the capacitance of
double layer (Ca) and charge transfer, while the LF inductive loop is due to the bulk
relaxation approach that caused by the adsorption of charged molecules onto the charged
CS surfaces [30].

Bode and phase angle modules of CS in 1.0 M hydrochloric acid solution without/with
different doses of AHAN-4 at 50 °C are displayed in Fig. 3 A, B. The phase Bode
diagrams (phase angle/° (|0 | ) vs. log f) conformable with one semicircle and the Bode
impedance profiles (log | Z| vs. log f) display the impedance of a double layer. This
suggests that the corrosion protection kind is monolayer adsorption. The slope values of
the linear portion (at intermediate frequencies, |X|) of the Bode impedance profile and
magnitudes of the maximum phase angle, |o9| are presented in Table 2. The findings

show that |X| is closer to 1 while | @] is nearer to 90°, at higher [inhibitor] compared to

11



the uninhibited system. This indicates that the CS/HCI surface exhibits closer to a perfect
capacitor at higher inhibitor concentrations. This also confirms that the inhibitor species
adsorbed on the CS interface to form a pseudo-capacitive covering layer.

The EIS outcomes were fitted to the equivalent circuit model by ZSimpWin software, and
the conformable model is depicted in Fig. 4. In Fig. 4, Rs is the medium resistance, Ry is
the resistance of polarization, which comprise the cumulative species at the CS/HCI
surface (Ra), the resistance of charge transfer (Rct), the resistance of diffused layer (Rd),
and the inhibitor layer resistance at the CS interface (Ri), (Rp= Rd + Ret + Ri + Ra) [31].
Constant-phase element (CPE) was utilized in place of the “perfect” double-layer
capacitance. The admittance and impedance of the CPE were defined by the next Eqn.

[32]:

1, .. Y
Lepe = Y_(Jw) and  Yepe =Y, (jo) 2
0

where w represents the angular frequency, Yo is the proportionality factor and j= J-1and
n is CPE exponent (the deviation indices) is attributed to the rotation angle of pure
capacitive streak on the complex-plane diagram, which is mostly near to 1. If n=0.5, the
CPE is represent for the Warburg impedance; If n =1, the CPE is corresponds to the pure
capacitance; and if n=-1, the CPE is related to the inductance [31].

The lower n values in the inhibited solution in a comparison with the blank medium
indicate that the inhibitor species adsorbed on the CS interface to form a covering layer.
Moreover, the n values are close to 1, confirming the pseudo-capacitive characteristics of
the C-steel/acid interface. The n values are related to the degree of surface heterogeneity.
The partially lower n values in the presence of studied compounds compared to the

uninhibited medium display that the C-steel interface is relatively more heterogeneous,

12



which could be due to non-uniform adsorption of the inhibitor molecules on the C-steel
substrate.

The EIS parameters including Rs, R, CPE, | 8|, | X |, n and inhibition capacity (Peis/%)
are tabulated in Table 2. The Peis/% values were calculated using Eqn. [32]:

0

Ry
P /% = 1—R—i %100 (3)

p
where Rg and R‘p are the Rp in blank and inhibited solutions, respectively. It is observed

from Table 2 that the values of Rs were small and nearly comparable to each other.

By examination of the Pgis/%, Rp and CPE values in Table 2, it displays that as [inhibitor]
is increased, Peis/% and Ry also increases while CPE diminishes. The increasing Rp was
supposedly attributed to the formation of a preservative layer on the steel interface, which
dramatically prohibited the charge transfer process and dissolution of metal. Furthermore,
there was a relatively reduce of the CPE value with the addendum of AHANS compounds.
Moreover, the CPE minimized with increasing [AHAN], which is due to the thick
covering film [33]. Based on the previous studies [34], the intensity of the adsorbed
inhibitor species is raised with diminishing CPE values. Thus, the Cq value result was
compatible with the EIS measurements. This is a result of the adsorption of
arylnicotinonitrile derivatives on the CS/HCI system which brings about the prohibition of
more corrosion of CS.

The increase in Peis/% with increasing [inhibitor] might be related to an increment of the
number of adsorbed inhibitor species on the metal surface. The order for the protection
capacity of the studied arylnicotinonitrile inhibitors within the concentration range
considered in this work is AHAN-4 > AHAN-3 > AHAN-2 > AHAN-1. The high
protection efficiency for the studied compounds is related to the presence of two benzene

rings, N heteroatom, -OH group and lone pairs on O atom, which could be adsorbed on

13



the CS interface, and progressively formed a dense layer. Although CI~ ions were
collected on the CS surface, this thick layer could separate the CI" ions and prohibit the
pitting corrosion. The results also indicated that AHAN-4 could efficiently prevent CS
corrosion in HCI. This could be related to the molecular structure of AHAN-4 contains a
long-chain of —CH»-O-, which could cause to form a strong film to protect the CS from
corrosion. Furthermore, the highest Peis/% was observed at 7x10* mol/L, which is in
perfect consistency with the findings obtained from the PDP method.

3.4. Surface morphology examinations

3.4.1. FT-IR studies

The Fourier Transform Infrared Spectroscopy (FT-IR) tool is a good method to
investigate the adsorption layer producing from the process of adsorption [35]. The FT-IR
spectra of the AHAN-4 compound and the adsorption layer formed on the CS in 1.0 M
hydrochloric acid containing 7x10* mol/L of AHAN-4 as an inhibitor are presented in
Fig. 5. Arylnicotinonitrile derivatives have various functional groups that possess an
electron cloud. This reveals that the adsorption layer between arylnicotinonitrile
derivatives and Fe vacant d-orbitals is most probably to occur within these functional
groups. The FT-IR features for both AHAN-4 and adsorption film were relatively
interpreted. The broad peak (peak 1) at about 3284 cm™ corresponds to the —OH
stretching (Fig. 5A). The absence of —OH band on the inhibited system (adsorbed film)
could be related to the chemical bond formation at the CS interface adsorption center (Fig.
5B). Furthermore, the characteristic absorption sharp peaks (Peaks 2 and 3) at 2225 and
1607 cm* for AHAN-4 compound attributed to -C=N and -CH=N- bonds, respectively.
These peaks for -C=N and—CH=N- bands in the case of an inhibited system (adsorbed
film) were converted to poor absorption peaks at 2179 and 1564 cm™, respectively. This

suggests that electron density of -C=N and—CH=N- are shifted from -C=N and-CH=N-
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groups up to Fe!V what causes the formation of Fe-AHAN complex on the CS surface
[36]. It was reported that [37], any shift in FT-IR peaks between the inhibitor compounds
AHANSs and adsorbed film (inhibited system) is attributed to the adsorption of inhibitor
compound through ingrained chemical groups. There appears also to interfere with FT-IR
vibrational peaks assigned to Fe-O (their source is iron oxide) at 500 and 1400 cm™ that
would have been apparent on the FT-IR signatures of the inhibitor adsorbed

layer/corrosion product composite (Fig. 5B).

3.4.2. SEM observations

SEM pictures of the pristine CS substrate and after exposed in 1.0 M HCI with/without
7x10** mol/L of AHAN-4 inhibitor for 48 h at 50 °C are presented in Fig. 6. From Fig.
6A, it is clear that the CS surface before exposure to the corrosive solution exhibits
smooth features with immaterial losses that probably attributed to the scratch with
different emery papers. Nevertheless, the CS surface immersed in blank 1.0 M
hydrochloric acid (free inhibitor) display highly corroded and damaged characteristics
because of non-protected exposure to aggressive ions in the corrosive environments (Fig.
6B). The occurrence of AHAN-4 compound as an inhibitor supplied a smoother and
cleaner CS surface (Fig. 6C). This demonstrated that the investigated arylnicotinonitrile
derivatives adsorb as a preservative layer on the CS surface and block it from a lineal

offensive by the corrosive ions in the acidic medium.

3.5. Adsorption isotherms: Thermodynamic parameters

Generally, organic corrosion inhibitors protect metals and alloys via adsorbing them onto
the surfaces. The adsorption processes may take on a physisorption, chemisorption and/or

mixed-type mode. The representative adsorption processes between the steel interface and
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inhibitor molecule include the substitution of the adsorbed water molecule at a metal
surface based on the following Eqn. [38]:

AHAN sol) + ZH20(ads) <> AHAN (ads) + ZH20s01) (4)
where AHAN is the arylnicotinonitrile inhibitor and z is the number of water molecules
substituted with the adsorbed AHAN species. The capacity of the inhibitor displays the
capability to be adsorbed on the steel interface by substituting the H.O from the metal
surface which is attacked by corrosion. Different adsorption models were used to fit the
obtained PDP data, such as Flory-Huggins, Langmuir, Freundlich, Frumkin and Temkin
isotherms. However, the higher correlation coefficients values (R?) (Table 3) obtained
from the linear relationship indicated that the Langmuir model was the most convenient
isotherm. The equation related to the Langmuir isotherm could be qualified as follows
[39]:

C' hibit
inhibitor _ C o 5
9 inhibitor K ( )

ads.

where 4 is the interface coverage, Kags. is the equilibrium adsorption constant and Cinnibitor
is [inhibitor]. The linear relationships of Cinhib“% vs. Cinnibitor are depicted in Fig. 7 for

AHAN derivatives. The values of R? of the diagrams are near unity (more than 0.999),
while the slopes of the plots are more unity, i.e. 1.13 (AHAN-1), 1.11 (AHAN-2), 1.06
(AHAN-3) and 1.01 (AHAN-4). These outcomes confirmed the validity of the Langmuir
adsorption model. Moreover, the high Kags values obtained for the investigated AHAN
inhibitors reveal that the substitution of H.O molecules from the metal interface by the
inhibitor species, and accordingly the inhibitor adsorption on the CS surface is an

adequate process, and the AHAN inhibitors adsorb robustly on the CS interface. From

0
ads

Kads Values, the standard free energy of adsorption (AG,, ) can be measured by the

following Eqn. [40]:
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AG?

ads

= —RT In(K , x55.50) (6)
where R = 8.314 J/K mol, T is absolute temperature, and the value of 55.5 is the [H20] in

mole L. Previous studies indicate that AG?

s values higher than or around -20.0 kJ/mol
are symbolic with physisorption, while values lower than -40.0 kJ/mol is accord with

chemical adsorption and values ranged from -20.0 kJ/mol to -40.0 kJ/mol include both

physisorption and chemisorption [41]. The negative AG?, values (Table 3) indicated that

ads

the adsorption process is spontaneous and also confirmed the constancy of the adsorbed

0 in Table

ads

layer on the CS surface [42]. It can be inferred from the range of values of AG

3 that the adsorption mode of AHAN derivatives involves mixed chemisorption and

0
ads

physisorption, with a preference of chemisorption. The trend of the Kags and AG_,, values

is such that AHAN-4 > AHAN-3 > AHAN-2 > AHAN-1 and, which is the same as the

relative sequence of the inhibition capacity values.

3.6. DFT calculations

To study the interrelated between the protection capacity of the target molecules
(arylInicotinonitrile) and their electronic configuration, DFT calculations were carried out.
The study revealed the compatible relationship between the protection capacity (P%) and
the calculated quantum chemical indices. The electronic distribution of lowest unoccupied
(ELumo) and highest occupied (Enomo) molecular orbitals of the investigated models
AHAN-1, AHAN-2, AHAN-3 and AHAN-4 are shown in Fig. 8, which reflects that the
LUMO and HOMO orbitals are distributed on O, N atoms and phenyl ring. Table 4
displays some thermodynamic values and DFT parameters namely heat of formation (Hs),
ELumo, EHomo, dipole moment (u), absolute hardness (i), the energy gap (AE=ELumo-

EHomo), softness (o) and absolute electronegativity ().
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Exomo and Erumo are important indices for the foretelling of the reactivity of corrosion
inhibitor molecules. The donation capability of inhibitor species is often correlating with
the Enomo [43-45]; the high Enomo Vvalues facilitate the absorption power of the inhibitor
compound [46]. It is obvious from Table 4, that the values of Enomo for the target
arylnicotinonitrile diminishes in the sequence; AHAN-4 > AHAN-3 > AHAN-2 >
AHAN-1, which was found to be compatible with the empirical findings of P%. Also, the
calculated values of AE were found to be in competing consistently with the P% with the
order: AHAN-4 < AHAN-3 < AHAN-2 < AHAN-1, which is in fully agreed with the
order P% of AHAN-4 > AHAN-3 > AHAN-2 > AHAN-1. Consequently, one can say
there is a perfect interrelated between P% and ELuwmo.

A convenient parameter for foretelling of the trend of corrosion processes is dipole
moment () which reflects the electron distribution in the molecule as well as its polarity
[47]. The absorption of a certain inhibitor increases as the value of its dipole moment (L)
increase and this can be attributed to electronic forces [48]. As shown in Table 4,
compound AHAN-4 has the highest p value compared to other inhibitors which reflect its
better inhibition behavior. The values of p of the investigated arylnicotinonitrile inhibitors
are 2.852, 2.479, 2.227 and 2.062 Debye for AHAN-4, AHAN-3, AHAN-2 and AHAN-1,
respectively, which is higher than that of H.O (u = 1.880 Debye). # is a substantial
parameter to gauge the molecular stability and reactivity. A hard compound molecule has
a high AE and vice versa [49]. In the current report AHAN-4 with low # value, ~ 4.0296
eV compared with the other arylnicotinonitrile inhibitors have a low AE and highest P%

[50].
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4.

Conclusion

In

the current report, the corrosion protection action of the fabricated 2-Alkoxy-4-(4-

Hydroxyphenyl)-6-arylnicotinonitrile (AHAN) derivatives were studied for CS in 1.0 M

hydrochloric acid utilizing empirical and DFT calculations and next conclusions were

depicted:

19

The 2-Alkoxy-4-(4-Hydroxyphenyl)-6-arylnicotinonitrile (AHAN) derivatives were
found to prohibit the CS corrosion in acidic chloride medium and the protection
capacity increments with increasing [AHAN].

The EIS diagrams indicated that the polarization resistance increases and the CPE
values were reduced with increasing [AHAN], suggesting that the AHAN species were
adsorbed onto the CS surface.

PDP studies demonstrated that all the synthesized arylnicotinonitrile (AHAN)
derivatives are inhibitors of the mixed type.

Adsorption of the investigated compounds on the CS/HCI interface follows the
isotherm of the Langmuir model, with a combined chemisorption and physisorption
mechanisms.

Surface examinations with FE-SEM and FTIR emphasize that the corrosion protection
of CS is due to adequate adsorption of AHAN derivatives on the C-steel interface.

DFT parameters supplied important knowledge to understand the correlation between
the inhibition action and molecular structures. The energy gap of these four
arylnicotinonitrile inhibitors followed the order AHAN-1> AHAN-2> AHAN-3>

AHAN-4, which is consistent with the empirical outcomes.
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Table 1:

Inhibitors i lcorr £SD/ -Ecorr/ Pal -pel o
code Cinn/ M mAcm? MV (SCE) | mVdec? | mvdect | ¢ Proe/%
Blank 0.0 3.67+0.37 461 115 208 - -
2x10® 2.29+0.25 464 129 225 0.375 37.5
7x10® 1.89+0.20 467 129 240 0.484 48.4
AHAN-1 2x10° 1.43+0.13 474 126 244 0.608 60.8
7x10° 1.12+£0.11 454 127 216 0.693 69.3
2x10™ 0.77+0.09 463 130 224 0.789 78.9
7x10* 0.45+0.03 475 133 235 0.876 87.6
2x10® 2.23+0.22 460 130 243 0.392 39.2
7x10® 1.75+0.16 465 134 236 0.523 52.3
AHAN-2 2x10° 1.31+0.12 463 129 228 0.641 64.1
7x10° 0.96x0.10 458 132 229 0.736 73.6
2x10* 0.64+0.07 455 137 222 0.824 82.4
7x10 0.39+0.02 467 139 235 0.893 89.3
2x10® 1.98+0.16 463 127 244 0.459 459
7x10® 1.60+0.14 468 130 224 0.563 56.3
AHAN-3 2x10° 1.16+0.12 469 129 236 0.683 68.3
7x107° 0.84+0.08 459 127 237 0.771 77.1
2x10* 0.51+0.04 454 135 238 0.862 86.2
7x10* 0.24+0.02 471 131 243 0.934 934
2x10® 1.84+0.18 467 127 238 0.498 49.8
7x10® 1.45+0.15 463 133 242 0.604 60.4
2x10° 0.93+0.10 461 132 243 0.746 74.6
AHAN-4 7x10° 0.56x0.06 459 125 235 0.846 84.6
2x10* 0.30%0.03 480 129 234 0.919 91.9
7x10 0.07+0.01 483 131 236 0.982 98.2
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Table 2:

Inhibitors Cinn/ Rs/ CPE/ Rp/
n |o]r | X]| Peis/%
code mol L Qcm? | uFcm? Q cm?
Blank 0.0 0.26 285.4 17.2+1.3 0.891 36.3 0.765 -

2x107 0.33 197.5 22.5+1.6 0.814 38.6 0.874 23.5
7x107° 0.53 171.2 35.3+2.7 0.832 40.1 0.756 51.2

AHAN.L 2x107° 0.79 120.7 76.4+6.5 0.823 455 0.811 774
7x10°° 1.20 91.1 97.3+8.1 0.843 54.7 0.798 82.3
2x10™ 1.65 69.8 144.7+12.3 | 0.837 62.4 0.845 88.1
7x10* 2.02 43.7 196.1+15.8 | 0.841 80.1 0.789 91.2
2x107 0.30 171.7 25.742.2 0.830 39.7 0.861 33.1
7x107 0.48 148.8 43.8+3.7 0.848 41.4 0.831 60.7

AHAN- 2x107° 0.72 104.9 93.1+8.4 0.839 48.1 0.892 81.5
7x107° 1.08 79.2 123.6+10.8 | 0.859 57.5 0.877 86.1
2x10* 1.49 60.6 176.4+16.1 | 0.853 65.8 0.929 90.2
7x10* 1.83 38.3 215.5+20.5 | 0.857 82.3 0.867 92.0
2x107 0.29 143.1 32.6+2.7 0.838 43.7 0.832 47.2
7x10° 0.5 124.4 53.8+4.2 0.856 43.1 0.721 68.1

AHAN-3 2x10°° 0.77 87.4 116.4+9.8 0.847 50.6 0.772 85.2
7x10°° 1.19 66.8 168.5+14.4 | 0.868 60.6 0.767 89.8
2x10™ 1.66 50.5 221.3+19.8 | 0.862 69.3 0.804 92.2
7x10* 2.05 31.9 255.9+22.2 | 0.866 84.2 0.751 93.2
2x10 0.35 106.7 39.3+3.1 0.854 45.7 0.817 56.2
7x10° 0.56 92.1 64.7+5.6 0.873 49.3 0.793 73.4
2x107° 0.83 64.7 132.8+11.1 | 0.864 55.2 0.851 87.1

AHAN-4 7x10° 1.25 49.4 192.5+16.6 | 0.885 64.9 0.838 91.1
2x10 1.72 37.4 279.6+23.7 | 0.878 71.2 0.887 93.8
7x10* 2.11 23.6 325.9+29.5 | 0.883 87.5 0.828 94.7
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Table 3:

Inhibitor R? S=slope Kads (M) AG),/ kJ mol?
AHAN-1 0.9995 1.13 7.77x10° -39.75
AHAN-2 0.9997 1.11 9.61x10" -40.32
AHAN-3 0.9997 1.06 10.42x10* -40.51
AHAN-4 0.9998 1.01 13.21x10* -41.13
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Table 4:

Comp. AH Dipole EHowmo ELumo AE ¢%) (n) (o)
No. (kcal/mo | moment (u,

I) debye) (EV) (EV) (EHOMO‘

ELumo)
AHAN-1 | -13.0024 2.062 -9.1947 -0.9204 8.2743 5.0575 | 4.1371 | 0.2417
AHAN-2 | 30.6443 2.227 -9.1247 -0.9040 8.2207 5.0143 | 4.1103 | 0.2432
AHAN-3 | -21.1124 2.470 -9.0880 -0.8727 8.2153 4.9803 | 4.1076 | 0.2434
AHAN-4 | -51.6260 2.852 -8.9169 -0.8577 8.0592 4.8873 | 4.0296 | 0.2481

(x) = Absolute Electronegativity, (n) = Global Hardness, (o) = Softness
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