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Schiff bases prepared by condensation of 1-(3-aminopropyl)imidazole and three different naturally occur-
ring aldehydes, namely salicylaldehyde, vanillin and cinnamaldehyde (ISSB, IVSB and ICSB, respectively)
are tested as corrosion inhibitors for mild steel in 1 M HCl. Comparative effects of extended conjugation
and +R effect bestowed by the electron donating group are explored towards the extent of corrosion pro-
tection of mild steel. ICSB, having extended conjugation, stands out to be the most efficient one. At 1 mM

Keywords: concentration, it imparts nearly 99% inhibition efficiency at 40 °C after 48 h of exposure of mild steel in

Mild steel 1 M HCl. DFTB+ study reveals the active centers of inhibitor molecules responsible for bi-directional elec-

Schiff base tron transfer with metal surface. Irreversibility test with ICSB layer formed after exposure in 1 M HCl for

]CDOFrrr];’SiO“ inhibitor 24 h having 1 mM ICSB, provides 78% inhibition efficiency to mild steel when exposed to the uninhibited
+

1 M HCI for 3 h. From detailed temperature dependence study, thermodynamics and kinetic parameters

Irreversibility test

are obtained, which are instrumental to ascertain the nature of adsorption of the studied inhibitors.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

A variety of Schiff bases have been investigated for their po-
tential anti-corrosive activities both for ferrous and non-ferrous
metals and alloys in recent past [1-14]. Schiff bases possess sev-
eral characteristics conducive for corrosion mitigation. However, in
many cases the reported inhibition efficiencies are not very high.
In some instances, the inhibitory effect does not last long, partic-
ularly at elevated temperature. These shortcomings are associated
with the insolubility of Schiff bases, as well as instability of the
inhibitor layer in highly acidic medium under prolonged exposure
or at higher temperature. In addition, report on the irreversibility
test for corrosion inhibitors, i.e., how long the inhibitor layer can
sustain in the aggressive uninhibited acid solution, is really scarce
[15]. This is an important aspect in regard to applicability of in-
hibitors in real situation. Most of the works involving Schiff bases
as corrosion inhibitors focus on the effect of multiple imine bonds,
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presence of electron donating/withdrawing groups, aromatic moi-
eties, heteroatoms, aliphatic chain length etc. [1-14]. Some stud-
ies have pointed out better performance of the Schiff bases having
extended conjugation, which results into higher electron density
on the imine group [3,16-18]. In the present work, we intend to
present a comparative study between the effect of extended con-
jugation and that of electron donating substituents. For this, we
have used structurally comparable inhibitor molecules and took
mild steel as the test material and 1 M aqueous HCI as the corro-
sive medium. Mild steel is one of the most widely used structural
materials because of its strength, malleability, ductility, weldabil-
ity, machinability, and most-importantly cost effectiveness [19] As
it is very prone towards corrosion, protecting mild steel, particu-
larly from mineral acid environment like HCl is still a challenge
[19]. There are diversified uses of mineral acids like HCI. These in-
clude chemical processing, pickling, acid de-scaling, oil-well acidi-
fying processes and many others [20]. During these processes, as
well as during transportation and storage of acid, application of
suitable corrosion retardant is a pre-requisite.
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Table 1
Molecular name and structure of studied Schiff bases.
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Molecular name

Molecular structure MW Abbreviation

2-(((3-(1H-imidazol-1-yl)propyl)imino)methyl)phenol

4-(((3-(1H-imidazol-1-yl)propyl)imino)methyl)-2-methoxyphenol

(1E,2E)-N-(3-(1H-imidazol-1-yl)propyl)-3-phenylprop-2-en-1-imine

2293 ISSB

2593 IVSB

N
\§/ 2393 ICSB

Our group has reported the corrosion inhibition efficacy of
Schiff bases composed of cinnamaldehyde or vanillin with differ-
ent amines towards mild steel in aqueous HCl [3,8]. Approach-
ing differently in the present work, three Schiff bases are pre-
pared condensing three naturally available aldehydes, namely sal-
icylaldehyde, vanillin and cinnamaldehyde separately with 1-(3-
aminopropyl)imidazole. Structures of the Schiff bases and their
nomenclatures are given in Table 1. 1-(3-aminopropyl)imidazole
is an important imidazole derivative with many potential appli-
cations in material science, particularly when grafted or func-
tionalized with other polymers [21,22]. The imidazole and alde-
hyde moieties along with the imine bond should be involved in
adsorption of the inhibitors on metal surface through the het-
eroatoms and the m-electrons, while the propyl group is expected
to impart hydrophobicity towards the adsorbed layer. Compar-
ing ISSB and IVSB, the later contains an additional electron do-
nating methoxy group. Such electron donating group enhances
the possibility of electron transfer to the metal, and thus the
corrosion inhibition efficiency [12,13,23,24]. ICSB, on the other
hand, possesses a C=C, leading to an extended conjugation be-
tween the imine bond and the aromatic group. The choice of in-
hibitors, which are structurally comparable, has allowed to inves-
tigate whether the extended conjugation or the electron donat-
ing group exhibits better corrosion inhibitory performance towards
mild steel in 1 M aqueous HCl. Another important aspect of cor-
rosion inhibitor is its bio-compatibility and environmental benign
characteristics. The preparation method should also be environ-
ment friendly. The aldehydes used in the present work are natu-
rally available. Further, the synthesis process requires only ethanol
as the solvent. Hence it may be concluded that there should not
be any adverse effect to the environment either during the syn-
thesis of the Schiff bases, nor by using those molecules. Different
electrochemical methods (Tafel extrapolation and electrochemical
impedance spectroscopy) and gravimetric experimentation are car-
ried out. From these studies, the adsorption and kinetic parameters
are calculated. These experimental results enable to elucidate the
mechanism of inhibitor adsorption on mild steel in aqueous HCl
and subsequent corrosion inhibition. From the density functional
theory

(DFT), different intrinsic molecular parameters of the studied
Schiff bases are evaluated. These parameters are used to correlate
the reactivity of the corrosion inhibitors to their molecular struc-
tures. Interaction of the Schiff bases with mild steel surface is in-
vestigated in electronic details through density functional based
tight binding approach (DFTB+) introducing Fe (1 1 0) surface of
dimension 7 x 7 x 4.
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Scheme 1. General scheme for preparation of the inhibitor molecules.

2. Experimental
2.1. Preparation and characterization of inhibitors

A general scheme for preparation of the inhibitor molecules is
depicted in Scheme 1. Detail of the preparation procedure is also
provided as follows:

ISSB: 1.2212 g (10 mM) of salicylaldehyde (Sigma-Aldrich, 98%)
was taken in 30 ml methanol and to this solution 1.2517 g (10 mM)
1-(3-aminopropyl)imidazole (Sigma-Aldrich, 97%) was added drop
wise with constant stirring and the mixture refluxed for 24 h. The
solvent was removed using rotary evaporator to give a yellow oil,
which on standing for overnight yielded yellow crystals of ISSB
(yield ~85%).

IVSB: To a solution of 1.5215 g (10 mM) of vanillin ((Sigma-
Aldrich, 99%) in 30 ml methanol, 1.2517 g (10 mM) 1-(3-
aminopropyl)imidazole was added drop wise with constant stirring
and the mixture refluxed for 24 h to give yellowish color solution.
Solvent was removed under reduced pressure. The product was
taken in chloroform, washed with water for several times. CHCl3
layer was dried over anhydrous sodium sulfate. Removal of CHCl3
under reduced pressure gave IVSB (reddish oily liquid, yield ~81%).

ICSB: To a solution of 13216 g (10 mM) of trans-
cinnamaldehyde (Sigma-Aldrich, 99%) in 30 ml methanol, 1.2517 g
(10 mM) 1-(3-aminopropyl)imidazole was added drop wise with
constant stirring. The mixture was refluxed for 24 h to gate
reddish-yellowish colored solution. Solvent was removed under
reduced pressure. The product was taken in chloroform, washed
with water for several times. CHCl3 layer was dried over anhy-
drous sodium sulfate. Removal of CHCl3 under reduced pressure
resulted ICSB (reddish oily liquid, yield ~82%).

Characterization of synthesized inhibitors:

TH NMR: ISSB: § ppm 13.117 (s, 1H, -O-H), 8.311 (s, 1H, He),
7.451 (s, 1H, H'), 7.335-7.300 (dt, 1H, HF), 7.230-7.226 (dd, 1H, HP),
centered at 7.068 (1H, H/), 6.968-6.947 (dd, 1H, H?), centered at
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6.911 (1H, HX), 6.886-6.865 (dd, 1H, HY), 4.078-4.044 (t, 2H, HM),
3.559-3.524 (t, 2H, Hf), 2.217-2.150 (quintet, 2H, HE) (Fig. S1 in SI)

IVSB: § ppm 7.979 (s, 1H, HY), 7.408 (s, 1H, HM), 7.282-7.277
(d, 1H, HC), centered at 6.960 (d, 1H, H), centered at 6.932 (d, 1H,
HJ), centered at 6.843 (s, 1H, H?), 6.808-6.788 (d, 1H, HP), 3.947-
3.912 (t, 2H, H8), 3.725 (s, 3H, -OCH; group), 3.419-3.386 (t, 2H,
He), 2.080-2.012 (quintet, 2H, Hf) (Fig. S1 in SI)

ICSB: § ppm 7.972-7.951 (d, 1H, HM), 7.464-7.289 (6H, H2, HP,
He¢, HY, H® & H'), centered at 7.022-6.917 (2H, H™ & HM), 6.894-
6.821(m, 2H, Hf & HE), 4.023-3.987 (t, 2H, HX), 3.445-3.410 (t, 2H,
Hi), 2.127-2.065 (quintet, 2H, Hi) (Fig. S1 in SI)

ESI-Mass: Appearance of strong molecular ion peak [L-H]" at
m/z 230.1285 (100%), 260.1397 (100%), 240.1492 (75%) confirms the
formation of ISSB, IVSB and ICSB, respectively. Appearance of peaks
at 354.1959 [L+3K-2H, 100%], 258.1956 [L+H,0-+H, 75%] also con-
firm formation of ICSB. Appearance of ion peaks at higher than
354.1959 suggests the possibility of some trace amount of impu-
rities in the sample (Fig. S2 in SI).

FTIR: Appearance of a define peak in the range 1631-1637 cm™!
in corresponding FTIR spectra of the synthesized Schiff bases con-
firms the formation of imine bond due to condenzation of alde-
hyde and the amine groups [3,8]. Bands in the region 1570-1590
cm~! are assigned to the stretching vibration of aromatic C=N of
imidazole ring, whereas those in the range 1510-1450 cm~! are
due to various types of C=C vibrations (Fig. S3 in SI).

2.2. Preparation of metal surface for corrosion test

Mild steel coupons of dimension 2.5 x 2.5 x 0.1 cm3 with av-
erage elemental composition (wt%) of 0.22 C, 0.31 Si, 0.60 Mn,
0.04 P, 0.06 S and the rest iron, are used in this study. Surface of
the coupons are abraded with different grade SiC paper with grits
ranging from 400 to 1200. This is followed by washing with liquid
detergent, running water, distilled water and finally with acetone.
Coupons are polished using velvet cloth before use [3,8].

2.3. Electrochemical measurements

A potentiostat with embedded frequency response analyzer
(model: GILL AC, UK) is employed for electrochemical measure-
ment. Three electrode system with mild steel coupon (exposed
area 0.5 cm? in 250 mL 1 M aqueous HCl) as the working elec-
trode, saturated calomel electrode (SCE) as the reference and Pt
mesh electrode as the auxiliary one are used for electrochemical
measurement. An exposure for 40 min to 1 M HCl provides stable
open circuit potential (OCP) for the mild steel coupons. Thereafter,
potential is scanned within a range of £ 250 mV from OCP with
a scan rate of 1 mV s~! which yielded the polarization curves.
Curves are fitted following Tafel extrapolation method to obtain
various corrosion parameters, including the corrosion current den-
sity (icorr). Inhibition efficiency is calculated from the Eq. (1)

np(%) = o~ feorrin) 409 1)
Tcorr
where, icorr Stands for the corrosion current density in the uninhib-
ited solution, and icor(inpy is for that in the presence of inhibitor.
Electrochemical impedance experiment is done applying an AC
voltage of +£ 10 mV with respect to the OCP and with a varied
frequency within the range of 100 kHz to 0.01 Hz. By fitting the
Nyquist plots with suitable equivalent circuit model, values of the
polarization resistance with and without the inhibitor (R, and R?,
respectively) are obtained and the inhibition efficiency is calcu-
lated as per Eq. (2):
o _ Ro— R
Nz(%) = —%— x 100 (2)
p
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2.4. Weight loss method

With properly polished test coupons weight loss measurement
is done in 1 M HCl (350 mL) for 6-96 h and within a tempera-
ture range of 20-60 °C [3,8]. Eq. (3) corresponds to the inhibition
efficiency (nw) from the values of weight loss in the absence and
presence of inhibitor (W, and W, respectively).

Wo —W

Wo

w (%) = x 100 (3)
After proper cleaning (described in Section 2.2), the test coupons
are dried in vacuum desiccator. Taking the initial weight, the dried
coupons are immersed in 350 mL of aqueous HCI (1 M) in the ab-
sence and presence of inhibitors. After different exposure time, the
coupons are taken out, and washed under running water using a
bristled brush. This is followed by washing with distilled water
and acetone and finally dried in a vacuum desiccator before tak-
ing their final weight. During long exposure, the volume of the so-
lution is maintained by adding the requisite amount of distilled
water when required [9].

Data reported on electrochemical and gravimetric methods is
the mean of three different sets of experimentation.

2.5. Surface analysis

SEM images of the corroded metal surface in the presence and
absence of inhibitors are taken by Hitachi S-3000 N microscope
equipped with an EDAX attachment. The latter is used for elemen-
tal analysis of metal surface.

2.6. Computational details

Density functional theory (DFT) calculation is done with DMol3
computational package in Biovia Materials studio 2020 applying
B3LYP functional with both DND and DNP basis sets. Effect of sol-
vent water is introduced through COSMO model [25]. Convergence
tolerance of energy is set at 10-6 Ha, whereas the SCF tolerance at
10-5. From the energies of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO), we cal-
culate the absolute electronegativity (), signifies the electron at-
tracting ability of a chemical system), global hardness (7, a param-
eter signifying the resistance of a chemical system towards charge
transfer), and global softness (o, an indicator of the susceptibil-
ity or easiness towards charge transfer) following the Eqgs. (4)-(6)
[26-30]

X = — (Enomo + Ewmo)/2 (4)
n = —(Enomo — Ewmo) /2 (5)
o =1/n (6)

The fraction of total electron density transferred from inhibitor to
the metal (ANj 1 o) is calculated using following Eq. (7) :

(er - Xinh)

AN1 1o 2(77Fe + r]inh) (7)

Here, ¢r., the work function of Fe (1 1 0) surface, is taken as
4.82 eV [31,32]. For Fe, (1 1 0) surface has maximum stability and
highest packing density. As a result, extent of interaction of or-
ganic inhibitor molecules with this Fe surface is supposed to be
higher than with the other surfaces [33]. The global hardness of Fe
(nge) is taken as zero, as HOMO and LUMO overlap for the metal
[31-33].
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2.7. Calculation of Fukui indices

Fukui indices of atom which parameterize the local reactivity
of atoms in a molecule towards attack by a nucleophilic and elec-
trophilic ( flj and f_, respectively), is calculated with the help of
the DMol® module in Biovia Materials studio 2020.

Positive and negative Fukui indices are calculated by the Egs.
(8) and (9):

S = aN+1) = q(N) (8)

fi = qk(N) —qk(N - 1) 9)

where, q, (N + 1), g (N) and g (N - 1) describe the gross atomic
charge of the atom k in (N + 1), N and (N - 1) electron systems,
respectively [34].

2.8. Molecular dynamics simulation

On a slab of Fe (1 1 0) plane comprising 20 x 20 x 10
(length x breadth x depth) numbers of Fe atoms, a vacuum slab
is put on the top, so that the overall dimension of the simulation
box becomes 49.647 x 49.647 x 98.241 A with periodic boundary
condition. One inhibitor molecule, 500 number of water molecules,
10 number each of H30* and Cl~ ions are annealed within the box
using adsorption locator module of Materials studio fixing the co-
ordinates of all the Fe atoms. It is followed by MD simulation em-
ploying COMPASSIII force field for 100 ps with a time step of 1.0 fs
at an average temperature of 25 °C considering canonical ensem-
ble (NVT) and Berendsen thermostatic conditions (forcite module
of Materials Studio 2020). Interaction energy (Eipteraction) Petween
the inhibitor molecule and Fe surface is calculated as,

Einteraction = Eto[ul - (Esurface+H20+H3o++Cl* + Einhibitor) (10)

where, E,, represents total energy of the simulated system,
Esurface+H,0+H;0++c1- and Eippipiror cOrrespond to energy of the sur-
face including the electrolytic solution and energy of the free in-
hibitor, respectively [3,5,8].

2.9. DFTB+ calculation

A slab of Fe (1 1 0) planes with 7 x 7 x 4 number of Fe
atoms is constructed and along with a vacuum slab the over-
all lattice dimension with period boundary condition becomes
17.376 x 17.376 x 31.080 A. Introducing one inhibitor molecule
into the bounding box, MD simulation with COMPASSIII force field
is carried out applying all the same parameters as described in
Section 2.8. Output of MD simulation is now subjected to DFTB+
calculation with dispersion correction after unfixing the coordi-
nates of all the Fe atoms at the upper two layers (Material studio
2020) [35,36]. This allows unconstrained interaction with Fe atoms
present in the top two layers with the inhibitor molecule. Con-
vergence tolerance of energy was fixed at 0.02 kcal mol~!, while
that of displacement was 0.001 A. SCC tolerance was set at 108
with thermal smearing and mixing parameter fixed at 0.005 Ha
(Methfessel-Paxton smearing distribution function) and 0.2 (Broy-
den mixing scheme), respectively. Trans3d Slater-Koster library
function with Divide and conquer eigensolver was selected for the
calculation. k-point set was selected to be gamma (1 x 1 x 1).

3. Result and discussion
3.1. Variation of open circuit potential

Following Fig. S4 in SI, it is observed that the OCP values mea-
sured after immersion in aqueous HCl for 40 min in presence
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of different inhibitor concentrations become almost constant with
time and are within a narrow range of 4+ 15 mV. This shows
comparable homogeneity regarding chemical property and surface
morphology of the mild steel specimens, and also confirms the at-
tainment of steady state in terms of surface reactions at the metal
solution interface [37,38]. OCP does not change in any definite di-
rection (cathodic or anodic) with inhibitor concentration. It sug-
gests blocking of the reaction sites on metal surface by inhibitor
molecules, and thereby affecting both the cathodic and anodic in-
terfacial reactions [39].

3.2. Potentiodynamic polarization

Fig. 1 illustrates how the potentiodynamic polarization plots of
mild steel in 1 M HClI vary for different concentrations of the Schiff
basses. The relevant corrosion parameters are shown in Table 2.
It is observed that the Schiff bases drag the corrosion potential
towards more negative values, effect being more pronounced at
higher concentration. However, the change in potential is not so
drastic to level the Schiff bases exclusively as cathodic inhibitors. In
addition, the cathodic and anodic currents decrease for the whole
potential range with increase in inhibitor concentration, the trend
is being more prominent for the cathodic one. From these obser-
vations it is inferred that the Schiff bases are acting as mixed type
inhibitors, with a relatively higher propensity to hinder the ca-
thodic hydrogen evolution reaction [8,9,40]. Organic corrosion in-
hibitors are mostly of adsorption type, interacting with the metal
surface through either chemisorption mode (electron transfer from
the heteroatoms present or the w-electrons) or electrostatic means
(positively charged molecule in acidic medium interacting with the
metal surface adsorbed with Cl~ ions) [41].

These surface adsorbed non-conducting inhibitor layer inter-
feres with the rate of cathodic and anodic processes. Table 2 re-
veals decrease in the cathodic and anodic Tafel slopes with in-
crease in the inhibitor concentration. This is associated to decrease
in the exchange current density values of the electrode reactions
[42,43]. For example, applying the Tafel equation for the cathodic
hydrogen evolution reaction (Eq. (11), where 7. is the cathodic
overpotential) [44], it is observed that the corresponding exchange
current density (i, 4 n2) decreases from a value of 5.1 x 103 A
cm~2 for uninhibited sample to 2.6 x 10~7 A cm~2 in presence of
1 mM ICSB.

Lcorr

Ne = (Ecorr - Eg+/H2) = bc}og(io,HJr/HZ> (11)

In the anodic sites, presence of inhibitors increases the electron
density, and thereby favors metal ion reduction. Some inhibitors
may even form complexes with metal ions and blocks the anodic
sites from further oxidation. These induces increased anodic po-
larization behavior. The presence of inhibitor molecules at the ca-
thodic reaction sites results into cathodic polarization by hindering
the rate of hydrogen evolution reaction [43,44]. The cathodic Tafel
slope values are found within a range of —140 mV to —110 mV per
decade. This illustrates that either of the surface adsorption of hy-
drogen atom (Volmer step, Eq. (12)) or the recombination of sur-
face adsorbed hydrogen atom to form molecular hydrogen (Hey-
rovsky step, Eq. (13)) will be the rate determining step [45,46].

Volmer step : [(H;0), —H|" +e+M =M —H+ (H,0), (12)

Heyrousky step : M — H + [(H,0),, — H]* + e = Hy + (H,0),, + M
(13)

Tafel step : 2M — H = H, + 2M (14)
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Fig. 1. Potentiodynamic polarization plots for mild steel in 1 M HCI at 30 °C with and without the Schiff bases.
Table 2
Corrosion parameters obtained from potentiodynamic polarization study at 30 °C.
Inhibitor ~ Conc. of inhibitor (mM)  -Ecore(mV/SCE) b, (mVdec™!)  -b(mVdec™!)  icor(pA cm=2)  np%
- UNINHIBITED 478 131 145 2119 -
0.01 480 123 132 1818 14.2
ISSB 0.05 487 120 129 1621 235
0.10 492 113 128 1182 442
0.25 499 109 125 769 63.7
0.50 500 105 123 602 71.6
1.00 504 102 121 247 88.3
0.01 482 118 129 1797 15.2
IVSB 0.05 481 117 127 1388 345
0.10 492 111 125 918 56.7
0.25 495 106 123 622 70.6
0.50 498 102 120 336 84.1
1.00 498 99 117 195 90.8
0.01 482 105 123 1127 46.8
ICSB 0.05 502 103 119 266 87.4
0.10 497 100 117 209 90.1
0.25 489 98 114 136 93.6
0.50 491 95 111 74 96.5
1.00 497 93 108 57 97.3

Net change in corrosion potential depends on the relative vari-
ation of anodic and cathodic polarization. In the present case, ca-
thodic polarization exceeds the anodic polarization to some extent
and thereby shifting the corrosion potential towards more nega-
tive, i.e., anodic side. Blocking of metal active sites results into sub-
stantial decrement in the corrosion current of mild steel in 1 M
HCI, from around 2100 A cm~2 in uninhibited solution to around
55 wA cm~2 in the presence 1 mM of ICSB. Inhibition efficiency
following polarization experiment varies from 88% for ISSB to 90%
for IVSB to 97% for ICSB at their 1 mM concentration level at
30 °C.

3.3. Electrochemical impedance spectroscopy (EIS)

EIS is nearly a non-destructive method to investigate any elec-
trochemical system, as it is based on an AC perturbation of very
small amplitude at the OCP [47]. The EIS reveals only one capaci-
tive loop in the Nyquist plots of mild steel in 1 M HCI at all the in-
hibitor concentrations (Fig. 2). This reflects one time constant asso-
ciated with the charge transfer reaction at the metal solution inter-
face. This is further evidenced from the one negative slope in Bode
impedance plots and one maximum in the corresponding Bode
phase angle plots (Fig. S5 in SI). Accordingly, the EIS plots are fit-
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Fig. 2. Nyquist plots of mild steel in 1 M HCl with various inhibitor concentrations at 30 °C.

Rs | CPE

R

P

Fig. 3. Equivalent circuit used for fitting the impedance plots.

ted with an equivalent circuit as shown in Fig. 3, where CPE is the
constant phase element, R, being the polarization resistance (rep-
resenting combined resistivity term which includes charge transfer
resistance, resistance imparting by the adsorbed layers of corrosion
inhibitors and corrosion products), while R is the solution resis-
tance [48-53].

Use of CPE instead of capacitive element (Cy;) is to take care of
the depressed semicircular nature of the Nyquist plots where the
center of semicircles lies at a point under the real axis. This behav-
ior is very common for corroded metal systems and is accounted
for the surface heterogeneity [48-52]. In fact, surface heterogeneity
results into distributed time-constant behavior, and the impedance
response is described in terms of CPE [48-50]. Impedance of the
CPE is given as:
Zepe = Q7 (iw) ™" (15)
where, Q and n are two parameters, using which one can recalcu-
late the value of effective double layer capacitance, Cy following

the Brug equation (Eq. (16

(1-n)/n
C 1/n
a=Q (Rs n Rp)

This equation implies that when n is equal to 1 (which corre-
sponds to a surface devoid of any surface heterogeneity), Q will
assume the value of Cy;. All the calculated values after fitting the
Nyquist plot with the equivalent circuit is summarized in Table 3.
Applicability of the equivalent circuit and the goodness of fitting
can be judged from the values of x2, which is of the order of 10~4.
Diameter of the capacitive loops gradually increases with inhibitor
concentrations, reflecting enhanced resistivity offered by the in-
hibitors with higher concentration towards charge transfer pro-
cesses happening at the metal-electrolyte interface [48-53]. These
charge transfer processes encompass both the cathodic hydrogen
ion reduction and anodic Fe oxidation processes at the equilib-
rium condition. Thus, increase in Rp values with inhibitor concen-
tration corresponds to the resistance to both the processes. Inhibi-
tion efficiency calculated in terms of R, shows the similar trend
in corrosion inhibition efficiency of the studied Schiff bases as
observed in polarization experiment. The time constant, T of the
charge transfer process (which is calculated as Cy; x Rp) increases
with inhibitor concentration, and it reflects reduced dynamics of
the system [53-56]. That the Schiff bases are diminishing the ki-
netics of charge transfer is also evident from the variation of fre-
quency range where one attains the maximum value of the imag-
inary component of impedance in the Nyquist plots. Frequency

)) [48-50].

(16)
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Table 3
Data obtained on fitting the Nyquist plots of mild steel in 1 M HCl with different inhibitor systems at 30 oC.

Inhibitor ~ Conc.(mM) R(Q cm?) Rp(Qcm?) QuQ's"cm2) n Ca(uFem=2)  t(ms)  n,% x2x10*
UNINHIBITED 3.7 3.8 789 0.84 2281 0.87 - 0.91
0.01 3.5 4.5 774 0.84 225.0 1.01 15.6 1.35

ISSB 0.05 33 6 614 0.84 1733 1.04 36.7 9.8
0.10 3.7 8 404 0.85 119.9 0.96 52.5 0.69
0.25 3.7 16.6 235 0.85 65.4 1.08 77.1 0.76
0.50 35 38.2 166 085 439 1.68 90.1  8.39
1.00 3.7 56.9 154 0.85 40.8 2.32 93.3 9.9
0.01 34 4.7 729 0.84 209.6 0.98 19.1 0.77

IVSB 0.05 3.5 6.2 597 0.84 169.2 1.05 38.7 9.4
0.10 3.6 9.8 319 0.86 100.7 0.99 61.2 0.60
0.25 3.5 20.3 182 0.86 53.5 1.09 81.3 0.88
0.50 3.1 48.8 121 0.86 33.2 1.62 92.2 2.36
1.00 31 96.3 81 0.88 26.04 2.51 96.1 3.54
0.01 3.7 9.1 503 0.85 156.2 1.42 58.2 1.1

ICSB 0.05 3.1 59.7 118 0.86 32.2 1.92 93.6 2.29
0.10 3.1 74.3 107 086 2838 2.14 949 384
0.25 3.2 1414 77.5 0.88 24.9 3.52 97.3 1.53
0.50 3.2 195.6 65.8 0.88 20.7 4.05 98.1 1.51
1.00 3.2 314.6 60.7 0.87 16.9 5.32 98.8 3.15

range gradually decreases with inhibitor concentration and for ICSB
the effect is most prominent (Table S1 in SI). Increase in inhibitor
concentration leads to the increment in the phase angle value, as
shown in the Bode phase plots (Fig. S5 in SI). This manifests re-
duced surface heterogeneity resulting from the adsorption of in-
hibitor molecules. Similar inference can be made by comparing the
values of the parameter n for uninhibited and inhibited samples. In
the presence of inhibitor layer, surface heterogeneity tends to re-
duce compared to that for the uninhibited sample and this is re-
flected into higher n value [48-53].

Increase in R, with increasing inhibitor concentration is supple-
mented by the decrease in Cy value. For the uninhibited solution,
Cy value is in the range of 230 pF cm—2. This is relatively higher
than that for a plane electrode, which usually lies within a range
of 5-50 puF cm~2 [57]. C4 depends on the electrode surface area A,
the double layer thickness d and the dielectric constant of interfa-
cial solution ¢, as per Eq. (17), where &, is the vacuum permittivity.

£0EA
d

Relatively high value Cg in the uninhibited solution can be ex-
plained by the formation of porous oxide layer on the mild steel
surface after exposure in acid solution, which enhances the effec-
tive surface area [57]. In the presence of inhibitor layer, Cy grad-
ually decreases. This may be due to a combined effect of several
factors, like decrease in the effective surface area available for dou-
ble layer formation, increase in the double layer thickness due to
the presence of inhibitor layer, replacement of preabsorbed water
molecules from metal surface by the organic inhibitor molecules
which results into decreased & value [58,59]. At the highest in-
hibitor concentration with ICSB showing maximum effectiveness
among the three studied inhibitors, we can estimate the thick-
ness of the inhibitor layer following Eq. (17) [49]. It requires some
approximations, like formation of uniform inhibitor layer on the
mild steel surface and displacement of all the pre-adsorbed water
molecules from the surface. Ellipsometric and XPS measurement
show the average thickness of corrosion inhibitor layer on metal
surface in aqueous solution be to of the order of 10-30 A [60,61].
To match the value, € of the inhibitor layer should be within a
range of 20-60, which is rather high for an organic non-polar
molecule [62]. This high value of dielectric constant only can be
explained in-terms of retention of some adsorbed water molecules
along with the inhibitor layer. This illustrates that organic inhibitor
molecule can replace the pre-adsorbed water molecules from the
metal surface only partially.

Ca = (17)

3.4. Weight loss measurement

3.4.1. Temperature effect

Table 4 summarizes the effect of temperature on the rate of
corrosion of mild steel in the presence and absence of inhibitors
and also on the corrosion inhibition efficacies of the studied Schiff
bases. Rate of corrosion increases with temperature, reaffirming
corrosion as an activation driven process. The inhibition efficiency
initially increases with temperature, reaching maximum at 40 °C
and thereafter decreases. As corrosion is a surface phenomenon,
the inhibition efficiency obtained from weight loss method can be
correlated with the degree of surface coverage offered by the in-
hibitors. Thus, the observation suggests adsorption of inhibitors is
temperature dependent. At lower temperature range, the extent of
adsorption increases with temperature, reflecting the requirement
of overcoming a minimum energy barrier for adsorption. This is
consistent with the characteristics of chemisorption, which is es-
sentially an activation induced process. At higher temperature, cor-
rosion inhibition decreases. This is consistent with the exothermic
nature of adsorption process. However, thermal degradation of or-
ganic corrosion inhibitors in harsh acidic environment cannot be
ruled out. Among the three Schiff bases, ICSB exhibits strongest ad-
sorption propensity and temperature sustainability.

3.4.2. Effect of immersion time

At 30 °C, all the three Schiff bases are tested for their anti-
corrosion effectiveness for a period upto 96 h (Fig. 4, Table S2 in
SI). Inhibitors at 1 mM concentration exert maximum corrosion
mitigation power after 48 h of immersion in 1 M HCL It corre-
sponds to the optimum level of adsorption of inhibitors on mild
steel surface. After 48 h, inhibition efficiency of ISSB shows a de-
clining trend. This may be associated with desorption of the ISSB
molecules from the metal surface or degradation of the molecu-
lar structure in the presence of high acidic environment. However,
other two, i.e., IVSB and ICSB retain their structural integrity, and
thereby inhibition efficiency upto 96 h. ICSB stands out to be an
excellent inhibitor with 99% of corrosion inhibition efficiency at
1 mM concentration level for mild steel exposed to 1 M HCI for
48 h.

3.4.3. Reversibility test

Till now, the effectiveness of the bare inhibitor layer when ex-
posed to the corrosive environment without any inhibitor has not
been reported. This irreversibility performance of the adsorbed in-
hibitor layer is important from their application point of view.
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Table 4
Corrosion rate of mild steel after immersion of 6 h in 1 M HCl in the presence and absence of Schiff bases at different temperatures.
Temp. (K) Inhibitor conc. (mM) Corrosion rate (mg cm=2 h=1)* Nw (%)
ISSB IVSB ICSB ISSB IVSB ICSB
293 0 1.890
0.01 1.677 1.593 0.828 11.3 15.7 56.2
0.05 1.264 1.174 0.151 33.1 37.9 92
0.10 0.977 0.803 0.130 483 57.5 93.1
0.25 0.539 0.423 0.084 71.5 77.6 95.6
0.50 0.316 0.204 0.064 83.3 89.2 96.6
1.00 0.212 0.142 0.049 88.8 925 97.4
303 0 3.636
0.01 3.185 3.032 1.567 12.4 16.6 56.9
0.05 2.371 2225 0.269 348 38.8 926
0.10 1.807 1.516 0.229 50.3 58.3 93.7
0.25 0.956 0.785 0.138 73.7 78.4 96.2
0.50 0.567 0.371 0.105 84.4 89.8 97.1
1.00 0.367 0.247 0.076 89.9 93.2 97.9
313 0 6.600
0.01 5.669 5.405 2.772 14.1 18.1 58
0.05 4151 3.947 0.409 37.1 40.2 93.8
0.10 3.181 2.666 0.343 51.8 59.6 94.8
0.25 1.637 1.340 0.178 75.2 79.7 97.3
0.50 0.865 0.594 0.132 86.9 91 98
1.00 0.561 0.370 0.073 91.5 94.4 98.9
323 0 9.231
0.01 8.197 7.717 10.096 11.2 16.4 57.2
0.05 6.065 5.714 7.520 343 38.1 93.1
0.10 4.735 3.905 5.256 48.7 57.7 94.3
0.25 2.6031 2.040 2,911 71.8 77.9 96.7
0.50 1.357 0.997 1.594 85.3 89.2 97.5
1.00 1.071 0.674 1.178 88.4 92.7 98.5
333 0 11.552
0.01 10.524 3.951 0.312 8.9 12.6 53.6
0.05 7.948 0.637 0.448 31.2 349 90.6
0.10 6.377 0.526 0.679 44.8 54.5 91.9
0.25 3.708 0.305 0.805 67.9 74.8 94.4
0.50 2.253 0.231 0.838 80.5 86.2 95.1
1.00 1.871 0.138 0.089 83.8 89.8 96.4
(* Within a maximum range of +5%)
- . o o
100+ S —— ver.51b¥11.ty gradually deteriorates and ICSB layer maintains 24-25%
A of inhibition efficiency upto 24 to 48 h.
95 - L
.« 3.5. Adsorption isotherm
m
Q 90+ — From adsorption isotherm analysis, various adsorption parame-
< . ters are evaluated. These parameters are instrumental in explaining
g 851 the mechanism of adsorption of the studied Schiff bases on mild
< ——ISSB . - - .
- steel in aqueous HCI. For the studied system, Langmuir adsorption
80 ——IVSB isotherm model (Eq. (18)) is found to be extremely good to fit the
—+—ICSB experimental data (C/@ vs C) with a wide range of concentration
and at all temperatures (Figs 5 and S6 in SI). The near unity R2
75 T T T T y T values validates the applicability of the Langmuir adsorption model
0 20 40 60 80 100

Immersion time (h)

Fig. 4. Variation of the inhibition efficiency at 1 mM inhibitor concentration against
immersion time at 30 °C.

Very scanty of literatures have highlighted this issue, but all in
the presence of a supportive coating system [12]. Here, the mild
steel coupons are first exposed to 1 mM ICSB solution in 1 M HCl
for 24 h, so that the protective inhibitor coating is formed on the
metal surface. These coupons are then exposed to 1 M HCl only
at different time intervals. We then investigated the potentiality of
these adsorbed layers in providing corrosion mitigation property in
1 M HCI without the presence of any inhibitor. Experimental data
shows ICSB layer shows fair extent of irreversibility upto 3 h of
exposure and we observe 78% inhibition efficiency. Extent of irre-

(Table 5). Here, we have calculated degree of surface coverage, 6,
from the Eq. (19). Some researchers recently have raised concerns
over applicability of Eq. (19), as it is argued nw and 6 do not vary
equally with inhibitor concertation [63].

C 1

- = +C 18
0 Kads ( )
6 = nw(%)/100 (19)

If we consider nw and 6 be proportional to each other, then
the proportionality constant will be reflected in slope values of the
plots. Table 5 clearly shows that slopes for all the plots are very
close to 1. This, on one side, validates the applicability of the Lang-
muir model, on the other side, it indicates the importance of con-
sidering the coverage of the active reaction sites and not the whole
metal surface.

AG?, = —RT In(55.55 Kyq5)

ads

(20)



S. Satpati, A. Suhasaria, S. Ghosal et al.

Journal of Molecular Structure 1268 (2022) 133684

1.0
=)
E
==}
= 0.5
®)
0.0
0.0 02 04 06 08 1.0 00 02 04 06 08 1.0
C (mM) C (mM)
Fig. 5. Langmuir adsorption isotherms of mild steel in 1 M HCI containing ISSB and ICSB.
Table 5
Parameters obtained analysing the Langmuir adsorption isotherm.
Inhibitors ~ Temp (K)  R? Slope Intercept (mmolar)  K4sx10~3 (molar~')  — AGZ, (k] mol~1)
ISSB 293 0.999 1.0316 0.09203 10.87 3242
303 0.999 1.0262 0.08451 11.83 33.75
313 0.999 1.0133 0.07734 12.93 35.09
323 0.999 1.0352 0.08812 11.35 35.86
333 0.999 1.0804 0.10248 9.76 36.55
IVSB 293 0.999 1.0093 0.06760 14.79 33.18
303 0.999 1.0043 0.06518 15.34 34.40
313 0.999 0.9949 0.06159 16.24 35.68
323 0.999 1.0088  0.06649 15.04 36.62
333 0.999 1.0301 0.07775 12.86 37.32
ICSB 293 0.999 1.0215 0.00571 175.13 39.20
303 0.999 1.0164 0.00553 180.83 40.62
313 0.999 1.0065 0.00532 187.97 42.06
323 0.999 1.0105 0.00564 177.30 43.24
333 0.999 1.0322 0.00649 154.08 44.19
Table 6
Standard enthalpy and entropy of adsorption for mild steel - Schiff base systems.
Temp. AHY, (k] mol-1) ASY, (J K71 mol-T).
Method (K)
ISSB IVSB ICSB ISSB IVSB ICSB
Plots of 293-313 6.63 3.56 2.70 133 125 143
AngS vs. T 313-333 -12.21 -10.13 -8.65 73 82 107
Plots of 293-313 6.63 3.54 2.69 133 125 143
313-333 -12.18 -10.06 -8.57 73 82 107

AG(a]ds/TV& 1T

AngSvalues calculated from K, following Eq. (20), where
55.55 is taken as the concentration of water in mol L~1. AGD,
Table 5) values tend to become more negative with rise in temper-
ature. ICSB, which exhibits the highest corrosion inhibition efficacy,
has the maximum negative values of AngS, and at temperatures
higher than 20 °C, the values are well above 40 k] mol~! (Table 5).
For ISSB and IVSB, the Acgdsvalues are also not too far away from
—40 kJ mol~!. High negative values of AG(ﬂ’ds reaffirms strong ad-
sorption of the three Schiff bases on the mild steel surface in aque-
ous HCI. Other adsorption parameters, AH(‘IJ ;s and ASS jsare calcu-
lated from two different methods, either plotting Acg 4s vs- T or by

plotting AG?, /T vs. 1/T (Eqgs. (21), ((22)

ads
Angs = AI—I((J)ds -T ASgds (21)
AG?
AHgy, = [a( “"S/T)/a(l/T)] (22)
P

(Figs. 6 and S7 in SI). Both methods yield comparable results
(Table 6). Two different sets of values for AH%, and AS?, are ob-
tained depending on temperature. At lower temperature range, ad-

sorption is endothermic, with relatively higher Asgdsvalues. But, at
higher temperature range, it changes to exothermic nature with
relatively lower values of Asgds. These observations can be ex-
plained if the desorption of pre-adsorbed water molecules is con-
sidered, at-least partially, during the adsorption of Schiff bases. Ad-
sorption of water on metal or metal-organic framework is exother-
mic [64]. Thus, water desorption from metal surface is essen-
tially endothermic, and at lower temperature range it out weights
the exothermicity of Schiff base adsorption. The desorbed wa-
ter molecules enhance the randomness of the system, produc-
ing higher Asgdsvalues. At elevated temperature, chemisorption of
Schiff bases is energetically more favored and the heat released
during this is more that the heat required for water desorption.
ASS isvalues are still seen to be positive and this indicates the ad-
sorption of one Schiff base molecule is accompanied with the des-
orption of more than one water molecules from the metal surface.

3.6. Thermodynamic activation parameters

Kinetic parameters derived from plotting log(CR) vs. 1/T (Figs. 7
and S8 in SI) following the Arrhenius equation (Eq. (23)) and by
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Table 7
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Activation parameters for corrosion of mild steel in 1 M HCl with and without inhibitors.
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Fig. 7. Arrhenius and Eyring plots for corrosion of mild steel in 1 M HCI with ICSB.

Inhibitors Conc. (mM) Ax10° (mgcecm 2 h') E*(kfmol ') AH*(kfmol') AS* (K- mol') E*-AH* (k] mol 1)
Uninhibited 0 90.28 3719 34.60 -120.48 2.59
ISSB 0.01 97.12 37.70 35.11 -119.87 2.59
0.05 70.94 37.65 35.06 -122.48 2.60
0.10 74.35 38.43 35.84 -122.09 2.59
0.25 61.87 39.54 36.93 -123.62 2.59
0.50 28.24 38.97 36.38 -130.14 2.59
1.00 136.95 43.94 41.35 -117.01 2.59
IVSB 0.01 94.43 37.76 35.16 -120.10 2.59
0.05 76.41 38.00 35.41 -121.86 2.60
0.10 59.77 38.35 35.75 -123.91 2.60
0.25 42.93 39.16 36.57 -126.66 2.59
0.50 49.22 41.40 38.80 -125.52 2.60
1.00 49.40 42.41 39.82 -125.49 2.59
ICSB 0.01 53.91 38.01 35.42 -124.76 2.60
0.05 13.43 38.97 36.37 -136.32 2.60
0.10 10.19 38.68 36.09 -138.62 2.59
0.25 8.34 39.47 36.88 -140.28 2.59
0.50 13.33 41.33 38.74 -136.38 2.59
1.00 3.55 38.94 36.34 -147.40 2.60

plotting log(CR/T) vs. 1/T (Figs. 7 and S8 in SI) as per the Erying
equation (Eq. (24)) are tabulated in Table 7.

E*
logCR =log A — 533 RT (23)
RT AS* —AH*
CR= NAhexp<R>exp(RT> (24)

As per the calculated data, the increased Schiff base concentra-
tion retards the rate of corrosion by increasing the activation en-
ergy with concomitant decrease in the pre-exponential frequency

10

factor (only exception is the 1 mM concentration of ISSB) Table 7).
Following potentiodynamic polarization study, it is argued that the
Schiff bases when present on metal surface affect the hydrogen
evolution reaction more than the metal dissolution reaction. Thus,
increase in the extent of adsorption of Schiff bases on metal sur-
face not only provides an increasingly higher energy barrier to-
wards the corrosion kinetics, but also results into decrease in the
rate of effective encounter of H* on the inhibitor cladded metal
surface. Variation of AH* also supports the above explanation of
enhanced energy barrier towards change transfer process with the
inhibitor concentration. AS* values in the absence and presence of
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Fig. 8. SEM images of mild steel surface after immersing in 1 M HCI for 24 h without and with 1 mM inhibitors.

inhibitor are negative. This is indicative of more compact transition
state in the rate determining step of the charge transfer process
compared to reactants. The Volmer and Heyrovsky steps of hydro-
gen evolution reaction (Eqgs. (12) and ((13) represent an increase
in the orderness which explains the observed negative value of
AS*.

AS* tends to be more negative with increase in inhibitor con-
centration, which is more pronounced for ICSB. This reflects in the
presence of inhibitor layer, closer approach or interaction is re-
quired for the charge transfer process to happen, resulting a de-
crease in the randomness to a greater extent. Experimental data
are consistent with the relation as per Eq. (25), which is applicable
for a unimolecular gaseous reaction or a bimolecular reaction in
E* — AH* =RT (25)
solution. (E* - AH*) values are nearly constant and the value (2.59-
2.60 k] mol~1) is equal to RT, where T is taken as 313 K, i.e., the
mean of the experimental temperatures.

3.7. Surface characterization

SEM images are indicative of the effectiveness of the studied
Schiff bases as corrosion inhibitors. The order of inhibition effi-
ciency as obtained experimentally is clearly manifested in the ob-
served SEM images (Fig. 8). ICSB being the most effective corrosion
inhibitor among the studied Schiff bases, results into the cleanest
surface image, whereas in the presence of ISSB, relatively more pits
and roughened areas are seen. Weight percentages of the elements
present at the surface is analyzed by EDAX (Fig. S9 in SI, Table 8).
O content at the surface of the uninhibited sample is very high,
reflecting the formation of oxide layer on the metal surface. In the
presence of inhibitors, surface O content decreases in the order of
increased inhibition efficiency. In the presence of ICSB, weight per-
centages of elements are seen to be very close to those for the
polished surface, exhibiting its highest capability among the three
inhibitors in mitigating corrosion of mild steel against 1 M HCl.

1

3.8. DFT calculation

For all theoretical calculation, only the neutral forms of in-
hibitor molecules are considered. In a series of seminal works, Liu
et al. have established that adsorption of azole molecules in their
neutral state is much more probable than through protonated state
[65,66]. In our previous works, we have also argued in the same
line. Protonated inhibitor molecule may play its part during ini-
tial stage of adsorption through long range electrostatic interac-
tion. But when a close distance of approach with the metal sur-
face is achieved, it is the neutral form of the inhibitor which is
more likely to interact with the metal surface [3,8,9]. The geome-
try optimized structures of the studied Schiff bases are shown in
Fig. 9 along with electron distribution in their HOMO and LUMO
energy levels. It is seen that the phenyl ring of the aldehyde moi-
ety extended upto the imine linkage is aligned nearly perpendic-
ularly with the imidazole ring. For IVSB and ICSB, electron distri-
bution in HOMO and LUMO are very much identical, in both the
cases these are distributed over the aldehyde moiety and the at-
tached imine group. For ISSB, similar distribution is observed for
the LUMO. For HOMO the electron distribution is quite different, it
is extended over almost the whole molecular surface, i.e., including
the imidazole ring. This indicates a possible difference in interac-
tion pattern for ISSB with the metal surface with those for IVSB or
ICSB. Energies of the frontier molecular orbitals along with other
intrinsic molecular parameters are tabulated in Tables 9 and S3 in
SL

HOMO energy is seen to be the highest for IVSB and lowest for
ISSB. Higher HOMO energy facilitates the electron transfer from in-
hibitor molecule to the metal. LUMO energy, on the other hand, is
lowest for ICSB and highest for IVSB. Lower the energy of LUMO,
higher will be easiness of retro electron transfer from the metal
to the inhibitor molecule [67-69]. For adsorption of inhibitors on
the metal surface and subsequent corrosion protection of the later,
both the electron donation towards the metal and back electron
transfer from the metal are important. Considering all these, it may
be argued that lower energy gap between HOMO and LUMO is
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Table 8
Elemental analysis of the surface by EDAX in the absence and presence of inhibitors.
Weight %
Element Polished surface Uninhibited ISSB IVSB ICSB
C 4.6 11.0 9.8 8.1 8.7
o] 16.9 13.6 9.9 0.8
Si 1.3 0.8 0.8 0.6 0.9
S 0.5 0.7 0.5 0.5 0.4
Cl 0.3 0.8 0.9 0.5 0.2
Cr 0.3 0.4 0.4 0.3 0.3
Mn 0.5 0.5 0.4 0.6 0.7
Fe 92.4 68.8 73.0 79.2 87.9
Table 9
Molecular parameters of inhibitors calculated from DFT study (DND basis set).
Inhibitor  Eyomo (V)  Erymo (eV) AE (eV) X (eV) n (eV) o (ev1) ANqo
ISSB -6.4023 -1.5309 4.8715 3.9666 2.4357 0.4106 0.1752
IVSB -5.9868 -1.3279 4.6589 3.6574  2.3294  0.4293 0.2496
ICSB -6.2765 -1.9016 437497 4.0890 2.1875  0.4572 0.1671
Inhibitor Geometry optimized HOMO LUMO
structure
ISSB
IVSB
ICSB

Fig. 9. Optimized geometry and electron distribution in HOMO and LUMO for three different imidazole-based Schiff bases as obtained from DFT study.

ideal for this conjugated effect of electron donation and acceptance
[67-70]. Table 9 illustrates such correlation. ICSB exhibiting high-
est corrosion inhibition efficiency, has the smallest HOMO - LUMO
energy gap, while ISSB being the least effective inhibitor among
the three, possesses maximum energy gap between the frontier or-
bitals. Importance of back electron donation towards extent of in-
teraction of inhibitor with the metal is also evident from the max-
imum value of electronegativity (x) for ICSB. The two-way elec-
tron transfer is essential for any inhibitor to act as mixed type.
When electron donation from the HOMO of inhibitor to the anodic
sites on the metal surface happens, electron density in those sites
increases, retarding the rate of metal dissolution reaction. Again,
electron transfer from the cathodic sites on the metal to the in-
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hibitor results into dearth of electron at those sites and conse-
quently the rate of cathodic deposition current decreases. Thus, the
experimentally observed mixed type inhibition property of the se-
lected Schiff bases can be validated from theoretical consideration
[3,8,9,71].

Global hardness and softness are two important parameters in
regard to the molecular interaction. Lower hardness and higher
softness are indicative towards better interaction of the inhibitor
molecules with the metal surface [68-71]. Table 9 shows a per-
fect correlation among these parameters for the three inhibitors
with their corrosion resistance effectiveness. The fraction of elec-
tron transferred from the inhibitor molecules to the (1 1 0) Fe
plane is seen to be positive, which suggests the extent of forward
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Fig. 10. Orientation of ISSB (a and b), IVSB (c and d) ICSB (e and f) on the Fe (1 1 0) surface as visualized from MD simulation (water molecules are not shown for clarity).

electron transfer from inhibitor to metal is more than the retro
electron transfer. This value for ICSB is lower compared to others
as the degree of back electron donation is maximum for ICSB due
to its lowest LUMO energy level.

3.9. Fukui indices analysis

The atoms present in the inhibitor molecules, which are sus-
ceptible towards attack by a nucleophile and an electrophile are
ascertained from the values of positive and negative Fukui in-
dices, fi,Tand f,~, respectively of the atoms. These values are
shown in table S4 in SI. For ISSB, C and N atoms present in the im-
idazole moiety are active towards electron donation to the metal,
as they possess higher values of fi,~. C and O atoms present in the
salicylaldehyde moiety along with the N of imine bond participate
in bi-directional electron transfer (electron donation as well as ac-
ceptance) as they have high values of both the f,tand f,~. High
values of fytand f,~ for C and O atoms of the vanillin moiety and N
atom of the imine group present in IVSB suggest their involvement
in the whole adsorption process through electron donation and ac-
ceptance. Similar inference can be drawn for the cinnamaldehyde
moiety and the imine N present in case of ICSB.

3.10. MD simulation result

MD simulation outcomes which rely on the force-field mod-
elled electrostatic interaction among the atoms present in inhibitor
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Table 10
Interaction energy between inhibitor molecule and Fe (1 1 0) surface.

Inhibitor Interaction energy (kcal/mol)
ISSB -170.918
IVSB -124.534
ICSB -175.424

molecule and metal atoms in presence of the electrolytic solution
are depicted in Fig. 10. It is observed that the electrostatic interac-
tion forces the inhibitor molecules to adopt a planar configuration.
Obviously, the molecules will be under some kind of stress. The
interaction energy between the inhibitor molecules and the (1 1
0) Fe surface will depend on the extent of this stress. In general,
more negative the interaction energy, higher with be the molec-
ular interaction and hence the inhibition efficiency. ICSB exhibits
maximum negative value and this is conducive for ICSB to im-
part maximum corrosion inhibition effect for mild steel in aque-
ous HCl (Table 10). For ISSB and IVSB, the order is interaction en-
ergy is in opposition to the experimentally observed inhibitory ac-
tion (Table 10). This observation may be associated with inherent
weakness of the MD simulation method. In the MD simulation, in-
hibitor/metal interaction is calculated based on the Van der Waals
and electrostatic interactions, whereas the electronic aspect was
not considered.

Additionally, in MD simulation we have to keep the Fe layers
frozen. In fact, some recent studies suggest that the corrosion in-



S. Satpati, A. Suhasaria, S. Ghosal et al.

Journal of Molecular Structure 1268 (2022) 133684

Inhibitor

Geometry optimized
structure

ISSB

IVSB

ICSB

HOMO

LUMO

Fig. 11. Electron distribution in HOMO and LUMO for energy optimized inhibitor molecules obtained from DFTB+ study.

Inhibitor- Metal both
way electron

Inhibitor to metal electron
transfer or vice versa

| I

Fig. 12. Mode of adsorption of ICSB with metal surface following DFTB+ result.

hibitory property or the extent of molecular interaction, in gen-
eral, cannot always be explained or predicted following DFT or MD
calculations [27,31]. To overcome the limitations of this method,
we have undertaken the Density Functional based Tight Binding
(DFTB+) study.

3.11. DFTB+ study

In order to get more realistic interaction pattern between the
Fe (1 1 0) surface atoms and inhibitor molecules, DFTB+ study us-
ing trans3d Slater-Koster library function (allows element interac-
tions among Fe-C-H-N-0). The process is discussed in details in
the Section 2.9. Fig. 11 shows the interaction pattern along with
the electron distribution in HOMO and LUMO energy levels. Due
to interaction, the distribution of Fe atoms in the upper two lay-
ers of (1 1 0) plane is severely ruptured. The Schiff bases assume
almost flat orientation with respect to be Fe surface. This induces
drastic changes in electron distribution in the frontier molecular
orbitals compared to those in absence of the metal surface. For
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Table 11
Interaction energy between inhibitor molecule and Fe slab (from DFTB+
study).
Inhibitor Interaction energy (kcal mol-')
ISSB -814.9
IVSB -944.8
ICSB -1026.8

ISSB, HOMO is distributed over the whole molecular surface, while
LUMO is distributed preferentially on the salicylaldehyde moiety
together with the imine bond. For IVSB, HOMO is not evenly dis-
tributed over the whole surface, it encompasses the phenyl ring
of vanillin moiety, N atom of imine bond and N atoms of imi-
dazole group. LUMO on the other hand is all over the molecular
surface. Similar behavior is seen for the LUMO of ICSB. HOMO in
ICSB is mostly involved to the C=C and the attached C=N bonds in
between the two aromatic groups. An atomistic approach towards
mode of interaction of the inhibitor molecules with Fe surface can
be extended by comparing the atomic charges before and after ad-
sorption. In Fig. S10 in SI, the Mulliken charges of individual atoms
before and after adsorption are shown. For unadsorbed ICSB, the
charges on the C atoms of the phenyl ring of cinnamaldehyde moi-
ety are in the range —0.070-—0.087. But when ICSB get adsorbed
on Fe surface, these values change within a wide range of —0.136-
+0.117. This indicates that the phenyl group is involved for both
way electron transfers with the Fe surface. When electron transfer
happens from the inhibitor to the Fe surface, charges on the associ-
ated atoms become more positive, whereas on electron acceptance
from the Fe surface these change towards more negative values.
The charges of the C atoms present in C=C in conjugation with the
phenyl group shift to more negative value when ICSB is adsorbed
on the Fe surface (from —0.079 and —0.108 to —0.214 and —0.206).
This also demonstrates involvement of retro-electron transfer from
the Fe surface. Regarding the imidazole ring of ICSB, it is found
that the charges on two C atoms and one N atom become more
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Table 12

Inhibition efficiency along with structural features of some relevant Schiff bases.
Name/Schiff base derived from Salient Structural feature IE% Ref.
Glycine + cinnamaldehyde Cinnamaldehyde-amino acid conjugated Schiff 96 at 1mM 3

bases having extended conjugation
Histidine + cinnamaldehyde 97 at 1mM
Tryptophan + cinnamaldehyde 97.3 at ITmM
Vanillin+ 2-(aminomethyl) Pyridine Vanillin based Schiff base 87 at ImM 8
Divanillin+ 2-(aminomethyl) Pyridine Vanillin based double Schiff base 95 at 1mM
4-phenoxyaniline + cinnamaldehyde Additional -C=C- the bond between the imine 94 at 0.1 mM 16
group and aromatic ring extends the conjugation

2-amino-5-mercapto-1,3,4- Extended conjugation and also one thiol group 98 at 1mM 17
thiadiazole + cinnamaldehyde
2-[2-(2-(3- Extended conjugation and thiocarbohydrazide 99 at 1.36 uM 18
phenylallylidene)hydrazinecarbonothioyl)hydrazine moiety
carbonyl]benzoic acid
Vanillin+2-cyanoguanidine Vanillin based Schiff base 93 at 2.3 mM 74
Furoin thiosemicarbazone Imine bond along with thiosemicarbazide moiety 98 at 2 mM 75
Salicylaldehyde chitosan Schiff base Salicylaldehyde-biopolymer conjugated Schiff base 70 at 1500 ppm 76
Salicylaldehyde +semicarbazide Second Schiff base has extended m-electron 79 at 0.5 mM 77
Salicylaldehyde + p-toluidine 86 at 0.5 mM
N, N’- bis (salicylidene)-2-methoxyphenyl Double Schiff base with one additional -OCH3 97 at 1mM 78
methanediamine substituent 96.5 at TmM
N, N’- bis (salicylidene)-2- hydroxyphenyl Double Schiff base with one additional -OH 89 at 1mM
methanediamine substituent
N, N'- bis (salicylidene)-phenyl Double Schiff base
methanediamine
4-Aminoantipyrine+ Benzaldehyde moiety contains substituents 91.8 at 10mM 79
p-hydroxybenzaldehyde having different electron donating capacity 91.6 at 10 mM
4-Aminoantipyrine+ 91.4 at 10mM
p-methoxybenzaldehyde 78 at 10mM
4-Aminoantipyrine+ 76.7 at 10mm

p-chlorobenzaldehyde
4-Aminoantipyrine+
p-nitrobenzaldehyde
4-Aminoantipyrine+ benzaldehyde

positive upon adsorption. We thus may infer that imidazole ring
of ICSB acts mostly as electron donor towards the Fe surface. For
ISSB and IVSB, the phenyl group of the aldehyde part as well as
the imidazole ring interact with the Fe surface in the similar way
as those for ICSB. The O atoms present in the substituent groups of
salicylaldehyde unit of ISSB and vanillin moiety of IVSB experience
decrement in the negative charge upon adsorption. This validates
the assumption of electron transfer from the heteroatom present
in inhibitor molecule to the metal surface during adsorption. In-
terestingly, for all the three inhibitor molecules the charge on C
and N atoms of the imine group do not change to any significant
extent after adsorption. This indicates either non-involvement of
the imine group or almost comparable extent of electron donation
and acceptance by the imine group during adsorption. Based on
these discussions most plausible mode of adsorption of ICSB with
the metal surface is depicted in Fig. 12. The electron donation and
acceptance processes are not identical for all the inhibitors. This
has led towards variation of interaction energy of the inhibitors
with metal surface. We can calculate the interaction energy follow-
ing the similar equation as given in Section 2.8 (Eq. (10)). Relevant
data is shown in Table 11.

The variation of interaction energy is in full confirmation with
the corrosion inhibition propensity trend. Absolute values differ
from those obtained in MD simulation method, as we could not
consider the electrolytic solution while calculation. Thus DFTB+
which is a semi-empirical quantum mechanical method is a bet-
ter alternative over the empirical MD method to predict the extent
of interaction of a series of structurally comparable corrosion in-
hibitors with the metal surface. Bond distances between the het-
eroatoms and carbon atoms of the conjugated system present in
inhibitor molecules with the Fe atoms are calculated (Fig. S11 in
SI) and seen to be within a range of 2.2 A to 2.7 A. This ensures
very close interaction which leads to chemisorption [72,73].
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3.12. Comparative account with other relevant Schiff bases

Literature includes several reports with Schiff bases as corrosion
inhibitor for mild steel in aqueous HCl. Some relevant works illus-
trating correspondence between structural features of Schiff bases
with their anti-corrosion propensity towards mild steel in aqueous
HCI at ambient temperature are summarized in Table 12.

Table reveals that the presence of electron donating sub-
stituents enhances the inhibitory performance of the Schiff
bases [74-79]. A double Schiff base having two imine bonds
are usually more active [8,78]. Extended aromatic m-electrons
present in salicylaldehyde-p-toluidine conjugated Schiff base pro-
vides better inhibition effect over the hetero N atoms present
in salicylaldehyde-semicarbazide conjugated Schiff base [77]. Ex-
tended conjugation imparts some positive impart towards in-
hibitory action [3]. Thiol group or C=S group along with extended
conjugation is found to provide high inhibition efficiency [17,18].
But whether the effect is mainly due to the extended conjuga-
tion or the other heteroatoms present, particularly thiol or C=S
group, cannot be ascertained unambiguously. This is because Schiff
base having thiosemicarbazide moiety and without any extended
conjugation is also seen to provide considerable amount of inhi-
bition efficiency [73]. ISCB and IVSB as per the present work are
more efficient over the other salicylaldehyde and vanillin based
Schiff bases, respectively [8,72,76,77]. ICSB, in-sprite-of not having
any thiol or C=S group, is found to impart almost comparable in-
hibitory performance for those Schiff bases with extended conju-
gation [17,18]. This may be associated with a balance between hy-
drophilic and hydrophobic characteristics of the studied molecules.
In addition, present study establishes that for structurally com-
parable molecules, incorporation of an additional -C=C- bond in-
between the imine group and aromatic ring, which leads to exten-
sion of the conjugation, invokes better inhibitory performance over
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the electron donating substituents. Precursors of all the three Schiff
bases are easily available, relatively of low cost and a simple single
step condenzation reaction is enough for preparation of these in-
hibitors. Inhibitors are effective at very lower concentration level.
All these factors ensure economic viability of the studied inhibitor
molecules.

4. Conclusion

Comparing corrosion inhibition potentiality of three different
Schiff bases, ISSB, IVSB and ICSB, which are prepared through
condenzation between 1-(3-aminopropyl)imidazole and three
naturally occurring aldehydes, namely salicylaldehyde, vanillin
and cinnamaldehyde, respectively, ICSB behaves as superior in-
hibitor to restrict corrosion of mild steel in aqueous HCl. ICSB
exerts 99% inhibition efficiency even after 48 h of exposure at
30 °C.

Presence of an additional -C=C- bond in-between the imine
group and aromatic ring, providing extended conjugation, leads
to better corrosion inhibitory property over other structurally
comparable Schiff bases having electron donating substituents.
Inhibitors, particularly ICSB can withstand temperature as high
as 60 °C with 96% inhibition efficiency for an exposure of 6 h
in 1 M aqueous HCI.

Layer of ICSB on mild steel surface exhibits irreversibility for
some couple of hours in uninhibited 1 M aqueous HCI.

The studied Schiff bases act as mixed type corrosion inhibitors
and their adsorption property on mild steel surface is charac-
terized as chemisorption involving partial displacement of pre-
adsorbed water molecules.

e DFT and DFTB+ studies are instrumental to ascertain the
mode of adsorption of inhibitors on metal surface through bi-
directional electron transfer process.

For ICSB, DFTB+ study reveals the C=C group of cinnamalde-
hyde moiety and the imine group are mostly responsible for
electron donation to the metal surface, while the whole molec-
ular surface is energetically conducive for retro electron trans-
fer.

Interaction energy calculated from DFTB+ study is seen to val-
idate the corrosion inhibition trend of studied Schiff bases
more accurately than those calculated through MD simulation
method.
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