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Abstract

A Schiff base, 2-[(E)-(2,5-dimethoxybenzylidene) amino]-4-methylphenol (DMPC) was synthesized by condensation reaction
of 2,5-dimethoxybenzaldehyde with 2-amino-4-methylphenol at 35 °C. The integrity of the synthesized compound was deter-
mined by spectroscopic techniques such as FT-IR, NMR, UV/visible and ESI-MS. Quality single crystals of the compound
were also harvested and analyzed using X-ray diffraction (XRD) method. The XRD data reveal that the compound crystallized
out in monoclinic crystal system with space group of C2/c and Z=8-unit cell. The corrosion inhibition performance of the
Schiff base on mild steel in 1.0 M HCI was evaluated using potentiodynamic polarization (PDP), electrochemical impedance
spectroscopy (EIS), surface analysis and computational studies. The inhibition efficiency obtained from PDP and EIS at
the optimum inhibitor concentration is 96.56% and 97.02%, respectively. Data from polarization measurement indicate that
the compound acted as a mixed-type inhibitor in the tested media. The adsorption study carried out showed that Langmuir
adsorption mechanism was followed since R? value is very close to unity, and also, the slope of the graph approaches unity.
The compound was found to adsorb on the mild steel surface by both physisorption and chemisorption adsorption mecha-
nisms. The EDX spectra analysis shows that oxygen was eliminated from the mild steel surface while SEM result portrays
significant reduction of mild steel corrosion in the presence of the studied inhibitor, compared with the blank. The results
obtained from DFT calculations agree the experimental findings.

Keywords Corrosion - DFT - Electrochemical impedance spectroscopy - X-ray diffraction method

Introduction can corrode easily when exposed to a humid environment
and the corrosion rate is even higher in an acidic medium
(Chaitra et al. 2015; Jamil et al. 2018; Odewole et al. 2021).
Nevertheless, acidic solutions are extensively used in several

processes in industries such as acid pickling, acid cleaning,

Mild steel is a metallic alloy with very high percentage of
iron. It is one of the most widely used materials, especially
in mechanical and transportation industries. However, it
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acid de-scaling and oil-wet cleaning. The total prevention
and eradication of corrosion are impossible; thus, the only
helpful remedy lies in controlling it (Chaitra et al. 2015;
Jamil et al. 2018; Masroor 2017; Odewole et al. 2021). Pro-
tecting a metal against corrosion is a great challenge and
one effective way of checkmating it is by using corrosion
inhibitors. Corrosion inhibitors are chemical compounds that
react with a metal surface thereby protecting it against dete-
rioration. Corrosion inhibitors of different types have been
employed to retard mild steel deterioration in acidic medi-
ums. In all, organic compounds containing aromatic rings,
multiple bonds or electron-pair donor atoms (such as N, O,
S, P) has been proved to be effective in mitigating corrosion
(Al-Amiery et al. 2013; Alaneme et al. 2016; Ghasemi et al.
2014; Singh et al. 2018; Yadla et al. 2012; Zukal et al. 2016).

One way by which organic compounds retards corrosion
of metals is through adsorption. The extent of adsorption is
controlled by the properties of the inhibitor molecules, the
nature of the metal surface, the type of corrosion media, the
temperature and pressure, steric effect and mode of adsorp-
tion. The adsorption of the inhibitor molecules on the metal
surface provides a protective film thereby preventing metal
dissolution. The mechanism of adsorption could be through
physical means (electrostatic attractions), chemical means
(formation of bonds) or the combination of both methods
(Alaneme et al. 2016; Ansari et al. 2018; Benabid et al.
2017; FinSgar and Jackson 2014; Hamadi et al. 2018; Pan-
dey et al. 2017).

Schiff bases are organic compounds with functional
group (C=N) called azomethine group. These compounds
were first synthesized in 1864 by a German Chemist, Hugo
Schiff by condensation of an amine and active carbonyl
group (Afak 2012). Schiff base ligands can be prepared eas-
ily and mostly form complexes with metal ions in different
oxidation states (Chaitra et al. 2015). Several Schiff bases,
especially those from benzaldehyde derivatives, have been
reported in the literature as excellent corrosion inhibitors for
different metals and alloys in acidic media (Ichchou et al.
2019). The increased recognition of Schiff bases in the field
of corrosion inhibition science is because they can be easily
synthesized from relatively low-cost raw materials and they
are eco-friendly or have low-toxicity properties (Alaneme
et al. 2016; Ansari et al. 2018; FinSgar and Jackson 2014;
Ghasemi et al. 2014; Giirten et al. 2015; Masroor 2017).
To the best of our knowledge, the literature reports on the

Scheme 1 2-[(E)-(2,5-dimeth-
oxybenzylidene)amino]-4-meth-
ylphenol
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synthesis and applications of Schiff bases originating from
2,5-dimethoxybenzaldehyde are scanty. Therefore, we pre-
sent in this studies, synthesis, characterization and corrosion
inhibition performance of a new Schiff base derived from
2-amino-4-methylphenol and 2,5-dimethoxybenzaldehyde.
To further understand the mechanism of inhibition, compu-
tational techniques were applied.

Experimental
Materials and methods

All the reagents and solvents used in the synthesis were pur-
chased from Sigma-Aldrich and were used without further
purification. The compound was prepared based on modified
method by Obasi et al. (2016), as represented in Scheme 1.
The IR spectrum was recorded on Bruker FT-IR spectrom-
eter. Bruker DPX-300 spectrometer was employed in record-
ing 'H and '*C NMR spectra with broadband decoupling of
'H at 600.29 MHz and 150.96 MHz using CD;OD as sol-
vent. The surface morphology of the mild steel coupons was
analyzed after immersion in 1.0 M HCI with and without
DMPC using scanning electron microscope (SEM) (VEGA 3
TESCAN) and energy-dispersive X-ray (EDX) spectroscopy.

Synthesis of 2-[(E)-(2, 5-Dimethoxybenzylidene)
aminol-4-methylphenol

The reaction mixture was prepared by dissolving 2-amino-
4-methylphenol (0.62 g, 5 mmol) in water and subsequent
addition to a methanolic solution of 2,5-dimethoxybenzalde-
hyde (0.83 g, 5 mmol). The reaction mixture was stirred for
about 15 min at 35 °C, and a yellowish solid was obtained.
The reaction completion was monitored using Thin-layer
Chromatography (TLC). The resulting yellowish powdery
solid was collected after filtration, recrystallized in meth-
anol to obtain a pure compound and then air-dried. The
yield obtained was 90% and melting point of 90-92 °C).
IR (v cm™'): 3451(b, O-H), 3054 & 3000 (m, C-H aro-
matic), 2967 & 2921 (s, C—H aliphatic), 2838 (C-H imine),
1615 (s, C=N), 1502-1597 (s, C=C aromatic).'"H NMR (5
ppm): 2.35 (s, 3H, -CH,;), 3.87 & 3.92 (s, 6H, 2CH;- O),
6.91-7.28 (m, 6H, Ar—H), 7.69 (s, 1H, CH=N) and 9.13 (s,
1H, O-H). 13C NMR (8 ppm): 20.81, 55.89, 56.26, 110.71,

OCH, oH
CH,OH CH=N
B —
H,O
OCH, CHs
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112.81, 114.46, 116.65, 119.53, 125.00, 129.17, 129.30,
136.55, 150.04, 152.62, 153.78 and 154.34. Mass Spec-
trum: [LH*]=271.2 Anal. calcd. For C;¢H;NO;=271.
UV (Amax nm) (methanol): 228.4, 274.0.4, 388.2 and 405.5.
(See Scheme 1, the UV/Vis, IR, 'H and '3C NMR, and MS
spectra of DMPC are shown in Figure S1-5, respectively, in
supporting material).

X-ray crystal determination

Yellowish crystals of DMPC with dimensions
0.26x0.12x0.12 mm? suitable for X-ray single-crystal
structure determination were grown in methanol by slow
evaporation at room temperature. Crystal determinations of
DMPC were performed at 106(3)K with the use of graphite

Fig. 1 a ORTEP Diagram
showing the molecular structure
of the Schiff base (DMPC). b
Molecular aggregation in the
crystal structure of DMPC
showing intermolecular C-H O
and O-H'~N hydrogen bonding
interactions in red and blue dot- \
ted lines, respectively

monochromatedCuKoa (1=1.54184), and the crystallo-
graphic data were collected on an XtaLAB Synergy. The
implementation of data reduction and absorption was car-
ried out using Crysallispro Software (Rigaku 2015), while
the structural solution was performed on the Olex2 inter-
face (Dolomanov et al. 2009) with the ShelXT (Sheldrick
2015a) structure solution program applying intrinsic phasing
and refined with the ShelXL (Sheldrick 2015b) refinement
package under Least Squares minimization. Hydrogen atoms
were refined isotopically, while non-hydrogen atoms were
refined anisotropically. Using OlexDraw, a crystal diagram
was drawn as shown in Fig. 1; Table 1 contains the crystal-
lographic refinement parameters.

@ Springer
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Table 1 Crystal data and structure refinement for DMPC

Identification code DMPC
Empirical formula CisH;NO;
Formula weight 271.30
Temperature/K 106.0 (3)
Crystal system Monoclinic
Space group C2/c

alA 20.9712 (3)
blIA 9.2899 (2)
clA 14.3900 (2)
al® 90

pl° 98.073 (2)
yl° 90
Volume/A3 2775.68 (8)
Z 8
Peate@lem® 1.298
p/mm™! 0.730
F(000) 1152.0

0.26x0.12x0.12
CuKa (1=1.54184)

8.518 to 149.736
—22<h<25,-10<k<11,

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

—-17<1<17
Reflections collected 9867
Independent reflections 2710 [R;,=0.0232, Ry, =0.0201]
Data/restraints/parameters 2710/0/185

Goodness of fit on F? 1.061

Final R indexes [I> =20 (I)] R,;=0.0338, wR,=0.0895
Final R indexes [all data] R,;=0.0358, wR,=0.0915
Largest diff. peak/hole/e A3 0.19/-0.20

Corrosion inhibition procedure

Electrochemical impedance spectroscopy (EIS) and poten-
tiodynamic polarization (PDP) were employed to study the
inhibition performance of DMPC on mild steel corrosion
in 1.0 M HCI. The mild steel of composition (in wt%): Fe
(99.621), C (0.076), Cr (0.050), Al (0.023), Si (0.026), Mn
(0.192) was mechanically cut into 1 cmX 1 cm in dimen-
sion. Subsequently, they were fixed in an epoxy resin and
the 1 cm? exposed area abraded with the help of a Struers
LaboPol-1 machine to get rid of any epoxy resin after which
emery papers of different grades (600—1200) were used to
clean up rusts and scales. The mild steel surface was thor-
oughly washed with distilled water, degreased with acetone
and then dried at room temperature before use.

The electrochemical experiments were performed at
303 K on Metrohm AutoLab (model PGSTAT302N) Poten-
tiostat/Galvanostat driven by NOVA software. In the elec-
trochemical setup, the mild steel was the working electrode,
Ag/AgCl, 3 M KCl as the reference electrode while platinum

@ Springer

rod was the counter electrode all immersed inside the elec-
trolyte. For a steady open-circuit potential to be established,
the mild steel was allowed to corrode freely without external
current or potential for 1800s before the measurements. The
procedures for EIS and PDP were as reported by Okey et al.
(2020). The experiments were carried out in the absence and
presence of different concentrations of the inhibitor. The
electrochemical potentials of the mild steel coupons were
evaluated bypassing the potential from —0.25 to+0.25 at a
scan rate of 1 mVs™!. Parameters such as corrosion potential
(E,,,), cathodic and anodic Tafel slopes (fa and fc) and cor-
rosion current density (i.,,,) were obtained from extrapola-
tion of Tafel plots produced from polarization study. The
inhibition efficiency was calculated from Eq. 1:

i
corr

Yol Eppyp = 1()0<1 ~ % > (D)
corr

where i and i, are the corrosion current densities in

the absence and presence of different concentrations of
the inhibitor. The impedance measurement was taken in
the spectrum range of 10 mHz to 100 kHz at an amplitude
of + 10 mV for frequency response (Yusuf et al. 2020). A
suitable circuit that was comparable was used to fit data
resulting from impedance spectra. Parameters like charge
transfer resistance (RC,), solution resistance (RS) and inhibi-
tion efficiency (%/Ey;5) were determined. The impedance
spectra were plotted as Nyquist and Bode plots. Corrosion
inhibition efficiency was calculated using Eq. 2:

R — K,
%elEg;s = 100 R, @)
ct

where R, and R?, represents the charge transfer resistances in
the presence and absence of studied inhibitor. For the accu-
racy of the reported experimental data, electrochemical stud-
ies were performed in triplicate at each tested concentration
of the tested inhibitors, and the mean values are presented.

Computational method

DMPC was optimized using B3LYP functional (Becke
1993) and 6-31 + G(d) (Jensen 2001) basis set. This method
according to the literature proves to be reliable with experi-
mental findings (Adejoro et al. 2016; Odewole et al. 2021).
Parameters such as the highest occupied molecular orbital
(Egomo) and lowest unoccupied molecular orbital (E; yho)
generally known as energies of the frontier molecular orbit-
als (FMOs) and other reactivity descriptors were calculated.
These include electron affinity, A (Eq. 3), ionization poten-
tial, I (Eq. 4), energy gap, AE (Eq. 5), chemical hardness,
n (Eq. 6), softness, & (Eq. 7), electronegativity, x (Eq. 8),
chemical potential, Cp, (Eq. 9), global electrophilicity
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index, o (Eq. 10) and the Fukui parameters (Eq. 11-13)
were obtained, all calculation were carried out using
Gaussian16(Frisch et al. 2009). The simulations were per-
formed in gas and HCl medium. Since the imine (> C=N-)
group have the tendency to get protonated in acid medium,
both the neutral and protonated forms for the electronic
properties were calculated.

A = -Eyomo 3)
I'=-Eumo @
AE = Eyymo — Enomo (5)
AE
n== (6)
1
5=1
" @)
(U +4)
= (8)
Cp=—y 9
_x
o=z (10)

fF=|aN +1)=q(N)] for nucleophilic attack  (11)
f7 = |aN) = q,(N = 1)] for electrophilic attack  (12)

Af () =fF =7 (13)

Parameters: g, (N+ 1) represents the anionic charges
on the atoms, whereas q, (N —1) is known as the cationic
charges on the atoms in the molecules. g, (N) represents
atoms in their neutral state. F,* and f,~ are the nucleophilic
and electrophilic Fukui functions, respectively.

Results and discussion
X-ray crystallography

The single-crystal X-ray structural analysis of DMPC reveals
that it crystallizes from methanol as a yellow crystal in the
monoclinic crystal system with a space group of C2/c and
Z=28-unit cell. The summary of the crystallographic data is
presented in Table 1, while the bond lengths and bond angles
are presented in Tables 2 and 3, respectively. The molecular

structure of the Schiff base DMPC is presented in Fig. 1
which shows two methoxy phenyl moieties on either side of
the central azomethine functionality. The dimethoxy phenyl
moiety is planar to an r.m.s deviation of 0.06 A while the
methoxy phenylene moiety is much more planar to an r.m.s
deviation of 0.009 A. The dihedral angles between the cen-
tral azomethine functionality and the adjacent methoxy phe-
nyl moieties are, respectively, —173.10(3) and — 139.71(4)
for N1-C8-C9-C14 and C8-N1-C1-C2. The unique
bond C8-N1 (1.2832(13) A) and C8-N1-C1 (118.64(9)°)
azomethine bond length and angle reveal the formation of
the Schiff base. These bond parameters agree with those
reported previously in the literature (Ezeorah et al. 2018).
As expected, the C11-02 (1.3757(13)&) and C14-03
(1 .3686(13)&) bond lengths are longer than the phenolic
C2-01 (1.3608(12)1&) bond length due to the reduced bond
strengths caused by the -CH; bonded to O2 and O3, respec-
tively. The supramolecular analysis of the crystal structure
of DMPC indicates the presence of intermolecular hydrogen
bonding O1-H1---N1, C6-H6---O2 and C8-H8---O3 interac-
tions. Molecular aggregation in the crystal structure of the
compound in Fig. 2 shows two molecules of the compound
interconnected by a two-way O—H:--N hydrogen bonding
interaction and these two aggregate synthons is linked two
other two molecule synthons by C—H:--O intermolecular
interactions to form a 6-molecule aggregate synthon in 3-D
supramolecular architecture (Okpareke et al. 2020).

FT-IR spectra

The FT-IR data of the Schiff base are given in the experi-
mental section. A strong vibration band with wavenumber
1615 cm™ is assigned to the azomethine C=N stretching
mode. This is evidence that the proposed compound was
formed. The broad peaks at 3451 cm™! are assigned to the
phenolic O—H stretching vibration. The presence of aro-
matic ring has been confirmed by their characteristic ring

Table 2 Experimental bond length of DMPC

Atom Atom Length/A Atom Atom Length/;%
0O1 Cc2 1.3608 (12) C10 C9 1.4040 (15)
02 Cl1 1.3757 (13) C10 Cl1 1.3846 (15)
02 C15 1.4256 (14) Cl4 C9 1.4074 (15)
03 Cl4 1.3686 (13) Cl4 C13 1.3948 (15)
03 Cl6 1.4280 (14) C6 C5 1.3911 (15)
N1 C1 1.4207 (13) Cl1 Cl12 1.3945 (15)
N1 C8 1.2832 (13) C5 C4 1.3980 (16)
Cl1 Cc2 1.4081 (14) C5 C7 1.5051 (15)
Cl1 Co6 1.3999 (14) C3 C4 1.3836 (16)
C8 C9 1.4613 (14) Cl12 C13 1.3799 (16)
c2 C3 1.3910 (15) - - -

@ Springer
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Table3 Experimental bond Atom Atom Atom Angle/® Atom Atom Atom Angle/
angles for DMPC
Cl11 02 CI15 116.81 (8) C5 C6 Cl 122.15 (9)
Cl4 03 C16 116.89 (9) C10 C9 C8 121.85 (9)
C8 N1 Cl 118.64 (9) C10 C9 Cl4 119.04 (9)
Cc2 Cl N1 118.97 (9) Cl4 C9 C8 119.10 (9)
Cc6 Cl N1 121.88 (9) 02 Cl1 C10 124.90 (10)
C6 Cl C2 119.03 (9) 02 Cl11 Cl12 115.40 (9)
N1 C8 C9 123.86 (9) C10 Cl11 Cl12 119.69 (10)
0Ol C2 Cl 123.46 (9) Co6 (68) C4 117.68 (10)
0Ol C2 C3 117.60 (9) Co6 C5 Cc7 121.23 (10)
C3 C2 Cl 118.93 (10) C4 C5 Cc7 121.07 (10)
Cl11 C10 C9 120.51 (10) C4 C3 C2 121.04 (10)
03 Cl4 C9 116.81 (9) C3 C4 C5 121.16 (10)
03 Cl14 C13 123.25 (10) C13 C12 Cl11 120.72 (10)
C13 Cl4 c9 119.94 (10) C12 C13 Cl4 120.03 (10)
01 - 'H, '*C NMR and UV/visible spectra analysis
DMPC 1 13 . .
-0.2 The 'H and “C NMR spectra are shown in supporting mate-
rials (Figure S2 and S3). The O-H and azomethine protons
5 0.3 are observed as a singlet at 9.13 and 7.69 ppm, respectively.
e The peaks at § 6.91-7.02 ppm (3H m) are attributed to the
- 0.4 4 e p et phenyl protons C3, C4 and C6. The phenyl protons C10, C12
;b s f- _‘:-';-3' and C13 exhibited peaks in the range of 8 7.03-7.28 ppm
j POl (3H m). 8 3.87 ppm (3H s) and 6 3.90 (3H s) could be attrib-
f*_ o— Blank uted to the three equivalent protons of methoxy groups
f 06 —*100mM (O—CHj;) of C16 and C15, respectively.'*C spectra revealed
_Z_ : ::Z; "“:: signals which are in support of the crystal structure gotten
o 025 ::;\l through X-ray crystallography. The peak at 6 20.81 ppm is
<« 0.10mM assigned to the methyl carbon C7 while peaks at 8 55.89 and
‘ 56.26 ppm are because of methoxy (O—CHj;) carbons of C16
.“'\_._5 D0 65 i %5 50 A% 40 A5 AD 2& 30 and C15, respectively. The phenyl carbons C3, C4, C5, C6,
log i (A cm™) C9, C10, C12 and C13 are assigned to peaks ranging from

Fig.2 Tafel plots for corrosion of mild steel in 1.0 M HCI in the
absence and presence of various concentrations of DMPC at 30 °C

absorption at 1500-1400, 1100-1050 and 900-700 cm™!
regions. The absence of bands characteristics of v(C=0),
primary amine V(NH) also indicates the formation of the
named Schiff base. The wavenumber of 3054 cm™' could
be assigned to the aromatic C-H stretching mode while
that observed in the range of 3000-2800 cm™' could be
attributed to (C—H) stretching vibrations of methyl, meth-
oxy and CH=N. The strong bands located in the range of
1258-1307 cm™! are assigned to C—O stretching vibrations
(Afak 2012; Chaitra et al. 2015; Ghames et al. 2017; Giirten
et al. 2015).

@ Springer

6 110.71 to 136.55 ppm while benzene ring carbons C1,
C2, C11 and C14 appeared at peaks 136.52—154.34 ppm.
The existence of the Schiff base functional group was con-
firmed by the peak at 154.34 ppm assigned to carbon C8.
The UV/Visible spectrum of DMPC was recorded in a range
of 200-800 nm in methanol at concentration of 3.7 x 10 M
at room temperature. The result showed bands at 228.4 nm,
274.4 nm, both assigned to n—x transitions. Bands at 388.2
and 405.5 nm were assigned to n—x" transitions.

Electrochemical studies
Potentiodynamic polarization
Potentiodynamic polarization study was employed to ascer-

tain the kinetics of the cathodic and anodic reactions tak-
ing place at the mild steel surface (Bing6l and Zor 2013;
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Dominic and Monday 2016; Njoku and Onyelucheya 2015;
Thiruvengadam et al. 2015). In this way, the effects of the
inhibitor on the corrosion reaction of mild steel in 1.0 M
HCI can be determined. The polarization curve (Tafel plot)
of the uninhibited and the inhibited (with various concen-
trations of DMPC) corrosion of mild steel is depicted in
Fig. 2. Corrosion reaction data (corrosion potential (E,,,,),
corrosion current density (i,,,,.), anodic Tafel slope (f,) and
cathodic Tafel slope (f,) were gotten through extrapolation
of the linear area of the polarization plot and are presented
in Table 4 together with inhibition efficiency. Table 4 shows
that on the addition of DMPC the corrosion current density
(o)) values reduce drastically when compared to the blank
experiment. Also, as the concentration of the compound
increases, the i ,,, values decrease while the inhibition effi-
ciency (%lEppp) increases. This implies that DMPC is an
effective corrosion inhibitor, and as the compound is being
added, the molecules are adsorbed on the metal surface,
thereby blocking the actives sites. The more the inhibitor,
the more the active sites will be blocked, resulting in the
highest %/Epp achieved at the highest inhibitor concentra-
tion (Afak 2012; Thiruvengadam et al. 2015).

Observation from Fig. 2 and Table 4 shows that when
DMPC was added to the corrosion medium, the corrosion
potential (E,,,,) did not follow any defined pattern, but at
higher concentrations (0.75 mM and 1.0 mM), the values of
E,,,. moves to a less negative value, suggesting that DMPC
curtailed the rate of metal dissolution at the anode (Ashassi-
Sorkhabi et al. 2005). For an inhibitor to be classified as a
cathodic or anodic type inhibitor, the change in the E_,,,
value must be greater than 85 mV (Saha et al. 2014). The
highest difference between E,,, of the uninhibited and the
inhibited corrosion is 30.4 mV at 303 K; therefore, DMPC
can be categorized as mixed-type inhibitor. The cathodic
and anodic Tafel slopes (f, and f, respectively) were both
altered as the different concentrations of the inhibitor were
added, suggesting that DMPC performed as a mixed-type
inhibitor but influenced anodic reaction more (Okey et al.
2020; Saha et al. 2014). Figure 2 shows that the shape of
the curves for the uninhibited and inhibited corrosion are

similar, implying that the mechanism of the cathodic and

anodic reactions mainly by charge transfer was unaffected
as the inhibitor was added (Njoku and Onyelucheya 2015;
Nkuzinna et al. 2014).

Electrochemical impedance measurement

The Nyquist and Bode plots obtained from the impedance
spectra for mild steel in 1.0 M HCI are presented in Figs. 3
and 4, respectively. Data derived from Nyquist plot were
fitted into an equivalent circuit known as Randle circuit
(Fig. 5) for better understanding. The circuit comprises con-
stant phase element (CPE), solution resistance (R,) and the
charge transfer resistance (R,). Nyquist plot without and
with the various concentrations of DMPC presents a single
depressed semicircle loop which suggests that the corrosion
of mild steel in the test media was predominantly through
charge transfer process. This assertion was further strength-
ened by the appearance of single maxima in the Bode plot
(Bingol and Zor 2013; Dominic and Monday 2016; Nkuz-
inna et al. 2014; Omoruwou et al. 2017; Omotioma and
Onukwuli 2017).

Parameters from Nyquist plot such as charge transfer
resistance (R,,), solution resistance (R,) and inhibition effi-
ciencies obtained from electrochemical impedance meas-
urement in the absence and presence of various concentra-
tions of DMPC are given in Table 5. Inspection of Table 5
revealed that the charge transfer resistance increased greatly
as more of the inhibitor was being added into the corro-
sive media; this also corresponds to the increased size of
the semicircle loop in Nyquist plot as the concentration of
the inhibitor was increased. This suggests that DMPC was
adsorbed on the mild steel surface forming a protective film
and thereby decreasing the rate of metal dissolution (Bingol
and Zor 2013; Njoku and Onyelucheya 2015). At the utmost
concentrations, there is a likelihood that the dielectric con-
stant might have been drastically reduced due to the thick
adsorbed layer of the inhibitor. The shape of the semicir-
cle loops in Fig. 3 was not altered as more of the inhibitor
is being added suggesting that a uniform mechanism was
adopted throughout the inhibition process. From Bode plot
(Fig. 4), it is apparent that absolute impedance increased at

Table 4 Electrochemical kinetic

Inhibitor Conc. (mM) -E_,.. (mV, Ag/ p,(mV/dec) —f(mV/idec) i, (WAJcm™®)  %IEppp
parameters (+SD) extrapolated A ]
) ¢C13 M KCl)

from linear area of Tafel plot

for mild steel in 1.0 M HCI Blank 0 416.37 106.46 (+1.02)  67.40 (+0.78) 336.85 (+ 1.08) —

in the absence and presence DMPC  0.10 446.77 12371 (£092) 5381 (+0.88) 41.53(+082) 87.67

of different concentrations of

DMPC at 30 °C 0.25 436.43 130.22 (+1.54) 62.62 (+=0.98) 29.06 (+0.42) 91.37
0.50 431.54 151.95 (£ 1.26) 67.95 (x1.42) 23.34 (x0.64) 93.07
0.75 408.66 158.44 (+0.88)  65.90 (+0.98) 18.93 (+0.89) 94.38
1.00 403.10 143.50 (£ 1.62) 59.66 (+1.23) 11.59 (£0.54)  96.56
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Fig.3 Nyquist plots for mild steel in 1.0 M HCI without and with
various concentrations of DMPC at 303 K

a lower frequency as the concentrations of the compound
increased. There was also an increase in the phase angle (— o
(°)) as the concentration of the compound was increased,
hence supporting the assertion that DMPC retards the dis-
solution of mild steel by forming a protective film on its sur-
face (Ansari et al. 2018; Bingol and Zor 2013). The values
of inhibition efficiencies of DMPC gotten from impedance
measurement agree with that obtained from potentiodynamic
polarization. These results also showed that DMPC is a good
corrosion inhibitor compared to other benzaldehyde deriva-
tives applied as corrosion inhibitors (Abd-El-Nabey et al.
2012a, b; Abdallah et al. 2012).

Another vital parameter that gives considerable insight on
the nature of the constant phase element (CPE) and also the
degree of roughness of the electrode surface is the values of
n in Table 5. For a pure capacitive CPE, the value of # has
to be 1 while value of n approximately unity means that the
electrode has a pseudocapacitive surface. The values of n
derived from EIS (Table 5) approaches unity indicating the
pseudocapacitive nature of the electrode surface. One could
associate this type of observation to non-homogenous nature
of the electrode coupled with structural defect. In addition,
another supporting parameter that describes the nature of an
electrode surface is phase angle derived from Bode plot. For
an ideal capacitor, the phase angle (— a) should be equal to
90 degrees but from our experiment, the phase angle ranges
from 50.73 to 66.01 indicating the pseudocapacitive nature
of the electrode surface (Okey et al. 2020; Yusuf et al. 2020).

Adsorption study: Langmuir adsorption isotherm

Adsorption study was employed to gain insight into the
mechanism by which DMPC adsorbed on the mild steel
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Fig.4 Bode (a) and Phase angle (b) plots for mild steel corrosion
with and without various concentrations of inhibitors

surface. Data obtained from the two methods of corrosion
study (PDP and EIS) were fitted into Langmuir adsorption
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Fig.5 Randle equivalent circuit
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Table 5 EIS parameters (£SD)  ppinitors Cone. (mM) R, (Qem?®) R, (Qem?)  n Y,(@Qs em™>) —a(®) #  %lEgs
for corrosion of mild steel in i
1.0 M HCl in the absence and Blank 0 1.03 (£0.04) 12.6(£04) 0.884 512 5073 0.165 -
presence of various inhibitor DMPC  0.10 228 (£0.02) 983 (+02) 0850 184 87.18
concentrations
0.25 2.75 (£ 0.03) 86.1(+0.3) 0.832 204 85.37
0.50 2.69 (+0.02) 167.0 (+0.55) 0.827 167 92.46
0.75 2.62 (+0.01) 267.0(+0.45) 0.841 135 95.28
1.00 3.84 (+0.05) 423.0(+0.86) 0.848 78 66.01 0.696 97.02
Madhifitri et al. 2018). Thermodynamic parameter such as
H : Gibbs free energy (AG) was calculated using Eq. 15(Okey
“,-»"’" et al. 2020; Saha et al. 2014).
1.0 4 DMPC ,.'

C_, (mM

Fig.6 Langmuir adoption isotherms for mild steel corrosion using
PDP and EIS methods

isotherm equation (Eq. 14) and the resulting plot depicted
in Fig. 6.
C

9 =C—Kads

4

where C=inhibitor concentration (g/L), #=degree of sur-
Inhibiter efficiency
100

for the adsorption process.

The result displayed a good correlation with the deter-
minant of correlation (R?) values of 0.9998 and 0.9996 for
PDP and EIS, respectively, which are very close to unity.
This implies adequate adherence to Langmuir adsorption
mechanism via monolayer adsorption (Adejo et al. 2014;

face coverage, < K, = equilibrium constant

AG = —RT1n (55.5K ;) (15)

where R = gas constant (8.314 J mol™! K‘l), T=Temperature
(K).

The parameters resulting from adsorption studies are
given in Table 6. Inspection of Table 6 revealed that the A
G, values were close to (—40 kJ mol~!) which is a bench-
mark for the chemisorption mechanism. Note that A G,
from —40 kJ mol~! and above signifies absolute chem-
isorption mechanism, whereas values ranging between
—20 kJ mol™! and below indicate perfect physisorption. It
is obvious then that the two mechanisms (physisorption and
chemisorption) were adopted by DMPC with chemisorption
being predominant.

Electron-dispersive X-ray

To determine the elemental composition of the mild steel
surface, electron-dispersive X-ray (EDX) spectroscopy
was employed in this regard after immersion time of 5 h in
1.0 M HCl in the (a) absence and (b) presence of 1.0 mM of
DMPC. Analysis of the result (Fig. 7) revealed total elimina-
tion of oxygen that promotes corrosion as the inhibitor was
incorporated into the corrosion media. This indicates the
efficacy of DMPC in minimizing corrosion of mild steel in
the studied media (Odewole et al. 2021; Okey et al. 2020).

Table 6 Parameters from

. ; . Method Temp. (K) R? Slope Intercept K, M Hx10* AG,,, (kI mol™)
adsorption studies for corrosion . i
inhibition of mild steel in LOM  ppp 303 09998  1.0269  0.0170 5.88 -37.79
HCl at 303 K
EIS 303 0.9996 1.0089 0.0286 3.49 -36.47
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Fig.7 Energy-dispersive X-ray
spectra of the surface of mild
steel after immersing in 1.0 M
HCI for 5 h (a) blank (b) with
1.0 mM of DMPC
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Scanning electron microscopy (SEM) analysis
of the corroded surface microstructure

The morphology of the mild steel surface was examined
using scanning electron microscopy (SEM). SEM images
in Fig. 8 (a) before immersion and after five hours immer-
sion in (b) blank, (¢) 1.0 mM of inhibitor, revealed minimal
damage of the mild steel surface in the presence of 1.0 mM
of DMPC when compared with the blank experiment. The
mild steel surface was greatly damaged in the absence of an
inhibitor but on addition of DMPC, metal dissolution was
significantly retarded. This attests to the fact that the studied
compound is an excellent corrosion inhibitor.

DFT analysis
DFT calculations were employed to probe more on the inhi-
bition and adsorption performance of DMPC. The optimized

geometries of the neutral and protonated species are pre-
sented in Fig. 9.

@ Springer
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Electronic properties

The distribution of electron density of protonated and neu-
tral species in gas and HCIl medium is shown in Fig. 10.
This reveals that the HOMO and LUMO are localized all
through the molecule revealing the involvement of the whole
molecular entities in electron transfer. The electron densi-
ties centers around the electronegative groups promotes the
formation of chemical and physical bonds with electrophilic
moieties such as iron atoms (Belakhdar et al. 2020). The
low Eyomo and E| 5o gap obtained from the calculation is
in line with high inhibition efficiency (Adejoro et al. 2016;
Ibeji et al. 2021; Odewole et al. 2021). In this study, the
low value of AE suggests that DMPC is a good corrosion
inhibitor supporting the experimental results. Other reac-
tivity descriptors such as low softness and high electron-
egativity are also presented in Table 7 which indicates high
reactivity of DMPC. It was also observed that the protonated
form of DMPC showed a lower AE which is expected since
(> C=N-) group could be the active species in the corrosion
process. The molecules with large Eygyo are more likely
to donate electrons to the unoccupied orbital of a Fe atom,
however, molecules with a lower E| ;o are willing to accept
electrons from the metal atom (Adejoro et al. 2016; Ferkous
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Fig.8 SEM images of the surface of mild steel a before immersing in 1.0 M HCI and b after immersing in 1.0 M HCl blank for 5 h ¢ after five

hours immersion in the presence of DMPC

et al. 2020; Ibeji et al. 2015). Table 7 shows that DMPC has
high values of Eygyo, especially the protonated form.
Fukui function is a theoretical index that describes the site
of adsorption of molecules. Adsorption of compounds on a
metal surface is determined by certain functional groups in
a molecule, hence analysis of descriptors that gives insight
on the preferred site of adsorption is key (Odoemelam et al.
2018). Fukui indexes f,~ and f,* (nucleophilic and electro-
philic) are related to the HOMO and LUMO which explains

the sites of preferred adsorption onto the metal. As shown
in Table 8, C1 atom in DMPC displayed the highest electro-
philic Fukui function while the nucleophilic Fukui function
was in the C16. Hence the adsorption onto the metal surface
will preferably occur around C1 and C16, the methoxy group
carbon.
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Conclusion

A Schiff base2-[(E)-(2,5-dimethoxybenzylidene)amino]-
4-methylphenol (DMPC) was synthesized and characterized
using IR, NMR, UV and mass spectroscopy techniques. The
crystals data obtained via X-ray diffraction (XRD) revealed
that DMPC belongs to the crystal system of monoclinic
with space group of C2/c and Z= 8-unit cell. The inhibition
efficiency of 96.56% and 97.02% obtained at the optimal
inhibitor concentration for PDP and EIS, respectively, agree
reasonably. Results from polarization data indicate that the
DMPC adsorbed strongly onto the surface of mild steel,
acting as mixed-type inhibitor. The experimental data was
adequately fitted into the adsorption isotherm of Langmuir
with R? and slope values approaching unity which implies
monolayer adsorption mechanism. The Gibbs free energy
values for the adsorption of the compound suggest that
DMPC adopts both physisorption and chemisorption modes
while retarding corrosion. The EDX spectra show the elimi-
nation of oxygen on the surface of mild steel for the inhibited
corrosion, indicating retardation of corrosion rate. Scanning
Fig.9 Optimized structure of a DMPC and b DMPC-H* Electron Microscopy (SEM) images further demonstrate
the inhibitory performance of DMPC in the acid medium.

Fig. 10 Distribution of the
electron density of DMPC via
frontier molecular orbital Neu-
tral and protonated specie

.

HOMO- Neutral specie

HOMO- Protonated specie

ind slobal reacivy dmcriptors. 10w @) Buno@V)  AE@V) n A p X A 1 @
of DMPC in HCI medium Neutral specie (HCI medium)
—-5.72 —-1.63 4.09 2.045 0489  3.675 3.675 572 1.63 330
Protonated (gas medium)
—8.48 —5.41 3.07 1.535  0.651 —6.945 6945 848 541 15.71
Protonated (HCl medium)
-7.59 —4.24 3.35 1.675 0597 —=5915 5915 759 424 1044
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;ﬂfffuigfﬁziﬁglﬁﬁffen DMPC g, (N+1) Qi (V) g (N=1) fi* fi” Afy

atomic charges of DMPC Cl 0.084577 0.077829 0.091793 0.006748 —-0.013964  0.020712
C4 —0.580840  —0.541420  —0.484548 —0.04842 —0.056872  0.008452
010 —0316879  —0.309456  —0.273738 —0.007423 —0.035718  0.028295
Cl11 —0.352556  —0.350901 —0.355326  —0.001655  0.004425 —0.00608
015 —0.405498  —0.382179  —0.349701 —0.023319  —0.032478  0.009159
Cl6 —0.340912  —0.346981 —0.355993  0.006069 0.009012 —0.002943
20 0.385131 0.596781 0.665234 —0.21165 —0.068453 —0.143197
N22 —-0.295913 —0217106  —0.122297  —0.078807  —0.094809  0.016002
C23 0.389866 0.447830 0.473086 —0.057964  —0.025256  —0.032708
C25 0.820290 0.863971 0.950028 —0.043681 —0.086057  0.042376
032 —0.735465 —0.735757 —0.694883  0.000292 —0.040874  0.041166
H33 0.463341 0.488133 0.516697 —0.024792  —0.028564  0.003772

C1 atom in DMPC (Fig. 10) displayed the highest electrophilic Fukui function while the nucleophilic
Fukui function was in the C16 are in bold

Parameters calculated from the DFT study supports the fact
that DMPC is an excellent corrosion inhibitor.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11696-022-02244-7.
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