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Abstract. Three pyridine-based Schiff bases namely N2 N°-bis(4-methylbenzylidene)pyridine-2,6-diamine
(DAP-1), N2 N°®-dibenzylidenepyridine-2,6-diamine (DAP-2) and N? N°-bis(4-nitrobenzylidene)pyridine-2,6-
diamine (DAP-3) were synthesized, characterized, and their corrosion inhibition performance was studied on
mild steel (MS) in 1 M hydrochloric acid solution using electrochemical experiments and theoretical study.
The results showed that all the three DAPs act as mixed type corrosion inhibitors, and are adsorbed on MS
surface by following Langmuir adsorption isotherm. The methyl-substituted DAP-1 showed maximum inhibition
effiency of 98.5% at 40 mgL.~!. The formation of inhibitor film on MS surface was confirmed by SEM and
AFM. Quantum chemical calculations and Monte Carlo simulations were used to understand metal-inhibitor
interaction and orientation of adsorption of DAP molecules. A good correlation was observed between theoretical

and experimental results.
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1. Introduction

Mild steel finds wide application in different industries
like petroleum refineries, storage tanks, power plants,
etc., due to its low cost and high strength. However, it
undergoes corrosion in contact with hydrochloric acid,
during pickling and de-rusting, industrial cleaning, and
acidizing. Therefore, inhibitors are usually added in acid
solution to prevent metal dissolution. '™ The corrosion
inhibition efficiencies of various organic compounds on
the corrosion of steel have been investigated experi-
mentally. *® The inhibition action of organic compounds
related to molecular parameters of inhibitors include the
presence of lone pair of electrons pi bonds of aromatic
ring, planarity, steric factors, and energy gap between
HOMO and LUMO. !5 Schiff bases (SB) are the reac-
tion products of amine and carbonyl compounds and act
as a potential class of corrosion inhibitors. ' These com-
pounds have wide applications in biological, clinical and
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industrial fields as corrosion inhibitors, catalysts, dyes,
pigments, etc.'"1

Survey of the literature reveals that SBs act as efficient
corrosion inhibitors for various metals in acidic solution.
Negm et al.,? studied the corrosion inhibition behavior
of four Schiff bases of the amine as corrosion inhibitors
on mild steel in 1 M HCI solution. These authors
have reported 60-90% inhibition efficiency (IE) at
400 mgL~". Sorkhabi er al.,?' investigated Schiff bases
derived from 2-aminopyridine as corrosion inhibitors.
These compounds exhibited a maximum IE of 85-
95% at 200 mgL~". Yan Ji et al.,? reported corrosion
inhibition action of Schiff base derived from pyridin-2-
ylmethyl-N,N-diethylaniline (BPMA) that showed cor-
rosion inhibition efficiency 88.1% at 450 ppm. Hegazy
et al.,” derived Schiff bases from benzylidene thiourea
that gave 80-90% inhibition efficiency at very high con-
centration range (150 mgL™"). The inhibition efficiency
of Schiff bases has prompted us to synthesize new Schiff
bases to study their corrosion inhibition behavior. In the
present investigation, we have synthesized three Schiff
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base derived from 2,6-diaminopyridine, namely, N2 N°-
bis(4-methylbenzylidene)pyridine-2,6-diamine (DAP-
1), N?N°-dibenzylidenepyridine-2,6-diamine (DAP
-2) and N?N°-bis(4-nitrobenzylidene)pyridine-2,6-
diamine (DAP-3) and studied corrosion inhibition for
mild steel corrosion in 1 M HCI medium. The survey
of literature showed that these SBs have shown biolog-
ical activities as anti-cancer, anti-viral, anti-microbial,
etc., agents.?*° In addition to this, these molecules are
likely to give good inhibition efficiency as they have
nitrogen containing pyridine nucleus, two (CH = N)
azomethine group and two substituted phenyl groups
in the same molecule. These structural features favor
adsorption of molecules on the metal surface. The cor-
rosion inhibition tests were performed on mild steel
in acidic medium using potentiodynamic polarization,
electrochemical impedance spectroscopy, gravimetry,
surface SEM by scanning electron microscopy (SEM)
and atomic force microscopy (AFM). The theoretical
calculations using density functional theory (DFT) and
the Monte Carlo simulation were also used to establish
a correlation between molecular structures and IE.

2. Experimental
2.1 Materials

The synthesis of Schiff bases is reported in literature >’ and the
scheme for their synthesis is shown in Figure 1. A mixture
of 2,6-diaminopyridine (1.0 mmol) and various substituted
aromatic aldehydes were taken in round-bottom flask. 50 mL
of ethanol was added to the reaction mixture and refluxed
approximately 3—-5 h. The obtained solid mass was recrys-
tallized from ethanol. The chemicals used for this synthesis
were obtained from Merck and SD Fine, India. The molecular
structures, analytical data and abbreviations of the inhibitors
are given in Table 1. The NMR spectra of DAPs are given
in Supplementary Information (SI) as Figures S1-S3. The
mild steel used for the weight loss, surface analysis and
electrochemical experiments had the following composition;

R
N7 “NH, o/

EtOH

Reflux

R=CH;; DAP-1
R=H; DAP-2
R=NO,; DAP-3

Figure 1.
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(Wt%): C = 0.076, Mn = 0.192, P = 0.012, Si = 0.026,
Cr = 0.050, Al = 0.023 and remaining Fe. Before perform-
ing the experiments, the mild steel specimens were abraded
with different grades of emery paper (600, 800 and 1200),
washed with the double distilled water, and degreased with
the ethyl alcohol. The test solution used for the experiment
was prepared by dilution of the analytical grade HCI1 (37%)
with double distilled water.

2.2  Measurements

2.2a  Gravimetric Measurements: For gravimetric mea-
surements, the MS specimen was cut into size of 2.5 x
2 x 0.025 cm®. Gravimetric experiments were performed
according to ASTM standard method.?® The corrosion rates
Cr (mg cm™2h™!) were calculated using following equation:

w
== (1)

Here, W = weight of MS coupon, A = total area and t is
the exposure time (3 h). With the calculated corrosion rate,

Cr

the inhibition efficiency 7% was calculated as follows: 2
Cr — Crg
n% = —X RO 100 (2)
Cr

The surface coverage (9) was calculated using the follow-
ing equation:
_ Cr — CRrg)
Cr
Where, Cr and Cgj) are the corrosion rates in the absence
and presence of inhibitor, respectively.

0 3)

2.2b  Electrochemical  studies: Electrochemical
impedance (EIS) measurements and potentio-dynamic polar-
ization studies were carried out using Echem Analyst (5.50 V)
software. All electrochemical experiments were performed in
a Gamery three electrodes electrochemical cell with MS as
working electrode, platinum as the counter electrode and sat-
urated calomel electrode (SCE) as the reference electrode.
The working electrode with the exposed surface of 1.0 cm?
was immersed into the aggressive solutions with and without
inhibitor, and then the open circuit potential was measured

X

ArR—CH=N N “~N=CH_ArR

Synthetic route of studied inhibitor molecules, DAPs.
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after 30 min. EIS measurements were performed at corro-
sion potentials (E¢qrr), over a frequency range of 100 kHz
to 10 mHz with an AC signal amplitude perturbation of 10
mV peak to peak. Potentio-dynamic polarization studies were
performed with a scan rate of 1 mVs~! in the potential range
from —250 mV to 4250 mV. All potentials were recorded
with respect to the SCE.

2.2c  Surface analysis: The MS coupon was cut into
an appropriate dimension of 2.5 x 2 x 0.025 cm?, and then
immersed into the 1 M HCI solution in the absence and pres-
ence of inhibitors having optimum concentration 40 mgL ~!
for 3 h. The strip was then taken out and washed with distilled
water, degreased with acetone, dried at ambient temperature,
and mechanically cut into 1.0 cm? size for SEM investiga-
tions. SEM study was carried out at an accelerating voltage
of 5.0kV and 5.0 K x magnification by using a Zeiss EVO
50 XVP instrument (Germany). AFM study was done using
NT-MDT multimode (Russia) controlled by a solver scanning
probe microscope controller.

2.2d  Quantum chemical calculations: Quantum chem-
ical calculations were performed using density functional
theory (DFT) with the Becke’s three parameter exchange
functional along with the Lee-Yang—Parr non-local cor-
relation functional (B3LYP) with 6-31+G(d,p) basis set
using Gaussian 09 program.3%3! The theoretical parameters
obtained were Exomo, ELumo, AE (Erumo-Edomo), Mul-
likan charge on heteroatoms (N, O), and dipole moment ().
Some other important parameters calculated are: global hard-
ness (17), softness (o) and the fraction of electron transfer
(AN) from the metal atom using the following equations,

respectively. 3233

AE =Erymo — Enomo 4)
1

=5 (Erumo — Enomo) &)
1

o=- (6)
n

AN ¢ — Xinh (7)

~ 2(1Fe + Ninh)

where, xpe and xijmn denote the absolute electronegativity
of iron and the inhibitor molecule respectively; npe and
Ninh denote the absolute hardness of iron and the inhibitor
molecule respectively. The values of ¢ and ng. are taken as
4.82 and 0 eV~!.3! The local nucleophilic and electrophilic
sites were calculated using UCA-FUKUI v 1.0 software 32 via
Finite Difference (FD) method with the use of the output file
from Gaussian 09. The Fukui function ( fx) is the first deriva-
tive of the electronic density p () with respect to the number
of electrons N, in a constant external potential v (7)and written
as follows: 3334

_ [ 9p()
fe= < oN >u(?) ®

Fukui functions favoring electrophilic and nucleophilic
attacks can be determined as: >
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fi =ak(N) — qi(N — 1) (For electrophilic attack) )
fk+ = gr(N + 1) — g (N) (For nucleophilic attack)  (10)

fko — qk(N+1)EQk(N_1) (11)

Where, k is gross charge of the atom denoted by gx. The g
(N+1), gk (N) and gk (N — 1) are the charges of the anionic,
neutral and cationic species, respectively.

2.2e Monte Carlo simulations: Monte Carlo simula-
tions (MC) were performed using Forcite and Adsorption
Locator modules in the material studio software 7.0 from
BIOVIA- Accelrys (U.S.A.) The simulation was carried out
with Fe (110) crystal with a slab of 5 A. The Fe (110) plane
was enlarged to a (10 x 10) super cell to provide a large surface
for the interaction of the inhibitors. After that, a vacuum slab
with 30 A thickness was built above the Fe (110) plane. The
condensed-phase optimized molecular potentials for atom-
istic simulation studies (COMPASS) force field were used to
optimize the structures of all components of the system of
interest including the corrosion inhibitors. Similar procedure
has been documented elsewhere.?%3° The MC simulations
for the studied inhibitors were carried out in gas and aqueous
phase. 100 water molecules were introduced into the simula-
tion box to simulate a realistic aqueous corrosive environment.
The simulated annealing procedure adopted in this study uses
the Monte Carlo method to determine the adsorption energy
of the adsorbate substrate. During the simulated annealing,
the adsorbate was heated and then cooled very slowly so that
conformational changes will lead to a local minimum being
located. The process was repeated several times until very
closely related, low energy conformations were obtained.

3. Results and Discussion
3.1 Gravimetric measurement

3.1a Effect of inhibitor concentration: The variation
of inhibition efficiency with inhibitor concentrations is
shown in Figure 2a. It is observed from the figure that
the inhibition efficiency increases as the concentration
of inhibitors increases. The obtained results indicate
that the corrosion inhibition efficiency of the DAPs is
concentration dependent. DAP-1 showed the maximum
inhibition efficiency of 98.5% among the three studied
inhibitors at the optimum concentration of 40 mgL ™'
and no change was observed in the inhibition efficiency
above this concentration, and thus 40 mgL‘l was cho-
sen as optimum. The superior performance of DAP-1 is
attributed to the presence of electron donating methyl
group and the low inhibition efficiency of DAP-3 is
due to the presence of electron withdrawing NO, group.
Functional groups play an important role in the inhibi-
tion efficiency.** The increase in inhibition efficiency is
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(a) Variation of the inhibition efficiency (n%) with inhibitor concentration at 308 K; (b) Variation

of inhibition efficiency (%) with solution temperature (308—338 K) at optimum concentration of inhibitor
DAPs; (c) Arrhenius plots of the corrosion rate (Cg) of MS in 1 M HCI in the absence and presence of
optimum concentration of DAPs; (d) Langmuir isotherm plot for adsorption of DAPs on MS surface in 1 M

HCIL.

attributed to an increase in the extent of surface coverage
by the inhibitor molecules on the metal surface.*

3.1b  Effect of temperature: The variation in inhibi-
tion efficiency with temperature (308-338K) is shown
in Figure 2b. From Figure 2b, it is seen that inhibition
efficiency of the DAPs decrease with an increase in tem-
perature. The decrease in inhibition efficiency is due to
the partial desorption of inhibitors molecule from the
metal surface.*' The temperature dependence of corro-
sion rate (CR) was estimated using Arrhenius equation
(Table 2).

logCpr=——“_ 11 12
08Cr =3 03RT (12)
RT

B AS* AH*
=N TP\TR )P\ T RT

Where, E, is the activation energy of the corrosion
process, R is the gas constant, and X is the Arrhenius pre-
exponential factor; N is the Avogadro number, # is the
Planck’s constant, R is the gas constant, 7 is the absolute
temperature, AS* is the entropy of activation and A H*
denotes the enthalpy of activation. The values of AS*

Cr (13)

and A H* were calculated from the plot of log Cr/ T vs
1/T (with a slope of AH*/2.303R and an intercept of
[log (R/Nh)+ (AS*/2.303R)] is a straight line in both
in the absence the presence of inhibitor. The values of
A H*and AS* are given in Table 3. Positive sign of AH*
reflected the endothermic nature of mild steel dissolu-
tion process, which suggested the slow dissolution of
mild steel.*' The positive AS* means that an increase in
disorder takes place in going from reactants to the acti-
vated complex on the metal/solution interface,** which
is the driving force for the adsorption process.

The activation energy (E,) values were calculated by
plotting a graph between log Cg vs 1/T at an optimum
concentration of inhibitors and are shown Figure 2c.
The calculated values of E, in the absence and presence
of inhibitor molecules are shown in Table 3 (Thermo-
dynamic parameters for the adsorption of the inhibitor
on mild steel in 1 M HCI at the optimum concentra-
tion (40 mgL~") DAPs). On inspection of Table 3, the
value of activation energy is higher in the presence of
inhibitors than in the absence because of the increase in
the physical energy barrier associated with the corrosion
reaction. The higher activation energy and a decrease in
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Table 2. Gravimetric Measurements (+SD) for MS in the Absence and Presence of

DAPs in 1 M HCI at 308 K.

Inhibitor Concentration (mgL_l) Cr mg cm~2h~!  Surface coverage (0) ()%
Blank - 7.00 (0.03) - -
DAP-1 10 1.23 (0.01) 0.823 82.3
20 0.86(0.01) 0.876 87.6
30 0.50 (0.02) 0.928 92.8
40 0.10(0.02) 0.985 98.5
50 0.10(0.02) 0.985 98.5
DAP-2 10 1.90 (0.01) 0.728 72.8
20 1.13 (0.01) 0.838 83.7
30 0.76 (0.03) 0.890 89.0
40 0.30 (0.03) 0.957 95.7
50 0.30(0.03) 0.957 95.7
DAP-3 10 2.16(0.02) 0.690 69.0
20 1.43(0.03) 0.758 75.8
30 1.33(0.02) 0.852 85.2
40 0.56(0.03) 0.919 91.9
50 0.56(0.03) 0.918 91.8

Table3. Thermodynamic parameters for the adsorption of inhibitor on mild steel in 1 M HCl at optimum

concentration (40 mgL_l) of DAPs at 308 K.

Inhibitor  Kaas(10*M ™)  —AGS, (kImol™!) E,(kImol™') AH*(kJmol™") AS*(JK 'mol™!)
Blank - - 28.74 24.89 —149.17
DAP-1 5.8 40.16 117.38 111.0 116.2
DAP-2 3.4 39.19 113.38 89.61 54.58
DAP-3 1.3 38.67 91.17 73.35 8.63

the corrosion rate might be due to the formation of a pro-
tective film of inhibitors on the metal surface.*’ Table 3
shows that in the presence of DAPs, Ea and A H* val-
ues change in a similar manner, which verifies the known
thermodynamic relationship between Ea and A H*.

AHx = Ea — RT (14)

The A S* values (shown in Table 3) for uninhibited are
large and negative and for the inhibited DAPs molecules
it is large and positive. This variation is observed due to
the disordering and ordering of the DAPs molecules on
the mild steel surface. The higher value for the A S* in the
presence of inhibitors than in the absence of inhibitors is
due to the adsorption of DAP molecules solution which
may be due to the quasi-substitution process between
the DAP molecules and the water molecules on the
mild steel surface, ** by which the adsorption of DAPs
molecule and desorption of water molecules from the
mild steel surface take place.

3.1c Adsorption isotherm: In order to understand the
behavior of DAPs on mild steel in 1 M HCI, various
adsorption isotherms, namely, Langmuir, Temkin and

Frumkin were tested. Langmuir adsorption isotherm
provided the best fit among the studied isotherms. It
is represented by the following equation®

Cinh 1

=——+ Cim

15
0 Kads ( )

Where, K4 is the adsorption equilibrium constant pro-
cess, C is the concentration of the inhibitor and @ is
surface coverage value. A straight line was observed
by plotting a graph between log(Ciy,/0) vs. Ciu, as
shown in Figure 2d, which suggested the adsorption of
inhibitor molecules on the metal surface obeys Lang-
muir isotherm.

The values of K,y in association with the standard
Gibbs free energy of adsorption AG{,,,, was obtained
from the Langmuir adsorption isotherm by the following
equation. *6

1 A ngs
= Co TP\ TRY
(sol.)

Where, R is universal gas constant, T is the abso-
lute temperature and C is the concentration of water
(1000 g/L). The values of K4 are represented here in

(16)
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¢ 'L. Thus, in this equation, the concentration of water
is taken in g/L (1000 g/L) in the place of 55.5 mole/L.
The values of K, and AG{,, are reported in Table 3.
The calculated values of K,y and AGPads are given
in Table 3. Generally, a higher value of K,y is asso-
ciated with strong adsorption and higher inhibition. In
our present study, the value of K,4 obeys the order:
DAP-1 > DAP-2 > DAP-3 whichis in accordance with
the order of inhibition efficiency. From the literature, it is
noted that if the value of AG?,, is around —20 kJmol ™",
the adsorption may be due to the electrostatic inter-
actions (physisorptions) and if the AGY is around
the —40 kJmol ™" then the adsorption is chemisorption.
The value of AGY,,, for the present study varies from
—38.17to —40.16 kJ mol ', suggesting that the adsorp-
tion of inhibitors on the mild steel surface is by mixed
mode. "4

3.2 Electrochemical impedance spectroscopy

The Nyquist plots obtained for mild steel in 1 M
HCI with and without the optimum concentration
(40 mgL™") of the inhibitors are shown in Figure 3a.
The Nyquist plots are slightly depressed semi-circular
curves. This feature might be due to different factors
like surface roughness, discontinuity in the electrodes,
impurities and the inhibitors adsorption on the elec-
trode surface. The shapes of uninhibited and inhibited
mild steel in 1 M HCI are same which suggests that
DAPs reduce corrosion without changing the mecha-
nism of corrosion. *! Figure 3a shows that the addition
of DAPs increases the diameter of the semicircle which
signifies that the corrosion is controlled by the charge
transfer process and inhibition is attributed to the for-
mation of a protective film on the mild steel surface. The
fitted Nyquist plots of DAPs are shown in Figure 3(c—e¢).

The electrochemical impedance parameters such as,
polarization resistance (Rp), solution resistance (Rs),
magnitude of CPE (Yo) and heterogeneity (n) were cal-
culated by fitting the impedance spectra to the equivalent
circuit model shown in Figure 3b and are tabulated in
Table 4 (Electrochemical impedance parameters (£SD)
for mild steel in 1 M HCI in the absence and pres-
ence of optimum concentration (40 mg L™") of DAPs
at 308K). The circuit is a parallel combination of R,
and the constant phase element (CPE) of a double layer.
The percentage inhibition efficiency (n%) by using R,
is expressed as, >

(I
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where, Rp represents the polarization resistance in the
presence and the absence of the DAPs at optimum con-
centration, which is the sum of R, and R;. Here, R;
is the film resistance. The data in Table 4 show that
R, increases with the increasing inhibitor concentration,
which indicates the enhancement of surface resistance
by the inhibitor molecules and the increasing inhibi-
tion of mild steel corrosion.>> However, the CPE values
decrease with the increase in inhibitor concentration
due to adsorption of inhibitor molecules on the metal
surface.’>> The increase in the R, value for the inhib-
ited system is due to the formation of the protective
film on the metal/solution interface.> The value of Cy
decreases with increasing concentration of DAPs due to
the decrease in local dielectric constant or an increase
in the electrical double layer thickness at the metal sur-
face.>* The imperfect semicircle of the Nyquist plots has
been related to the deviation of n from unity (surface
inhomogeneity); that is, the pure capacitive behavior
could not be achieved due to surface inhomogeneity
caused by interfacial and structural origin. The double
layer is usually considered as a constant phase element
(CPE) rather than a pure capacitor. The CPE is placed
for the capacitor to fit the semicircle more accurately
and expressed as:

Zepg = YU_](jCU)_'1 (18)

Where, Zcpr is the impedance of CPE, Y, is the CPE
coefficient (admittance or reciprocal of impedance) and
w is the angular frequency given by w = 2 f (having
units in rad sec™'). According to the above equation, the
phase angle of the CPE impedance becomes indepen-
dent of frequency having a value of (—nm/2) degrees.
Hence, the CPE is called the “constant phase element”.
The numerical value of n is given by the slope of the lin-
ear region of the Bode plot. When the value of n reaches
unity, the equation becomes,

1

ZCPE

=Y, jo = joC (19)
Thus, the CPE behaves as a capacitor when 7 is close
to 1.%>% The double layer capacitance (C) can be eval-
uated as follows:
c,p = Y (20)
7 sin(n(w/2))
Where, @ is given by wmax = 27 frnax at which the
imaginary part of the impedance (—Z;,) is maximum
and other symbols are as defined above. Moreover, the
value of n can also be used to represent the nature of
CPE, such that CPE characterizes a resistance when
n = 0(Yy = R); capacitance when n = 1 (¥, = C);
inductance when n = —1 (Y, = 1/L); or Warburg
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Figure 3. (a) Nyquist plots for the mild steel at optimum concentration of inhibitors DAP
at 308 K; (b) Equivalent circuit model used to fit the EIS data; (c) (d) (e): fitted Nyquist
plot for DAP-1, DAP-2, DAP-3 respectively; (f) Bode (log f vs log|Z|) and phase angle
(log f vs ) plots of impendence spectra for MS in 1 M HCl in the absence and presence of
different concentrations of DAP at 308 K; (g) (h) (i): fitted bode plots for DAP-1, DAP-2,
DAP-3, respectively.
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Figure 3. continued

impedance when n = 0.5(Y0 = W). The values of
the EIS parameters obtained after the spectra fitting are
listed in Table 4. The results in Table 4 show that n varies
from 0.799 to 0.816 in the presence of the inhibitors,
which is comparatively higher than that of the blank,

suggesting that surface heterogeneity decreases in the
presence of inhibitors due to formation of protective
film on the steel surface.

Bode plots are shown in Figure 3f. It is seen that
Bode plots involve only one phase maximum revealing
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Table 4. Electrochemical impedance parameters (SD) for mild steel in 1 M HCl in the
absence and presence of optimum concentration (40 mg L") of DAPs at 308K.

Cin(mgL™)  R(2)  Rp(Qem?)  n Yo(uFem™) Ca(uFem™) 1(%)
Blank 1.02(0.02)  7.44 (0.05) 0.798 481.2 137.9 -
DAP-1 0.658(0.02) 433.3(0.03) 0.816 120.7 52.35 98.05
DAP-2 0.567(0.02) 217.7 (0.05) 0.805 125.7 75.04  96.10
DAP-3 0.786(0.02) 157.0(0.03) 0.799 174.8 104.9 94.58
that corrosion process takes place in one step, which -200
corresponds to one time constant.>” It is also seen that - Blank
from Figure 3f that phase angle value is less than —90°, 4 DAP 1
which signified the non-ideal behavior of capacitor. The DAP 2
more negative value of phase angle and the high value g -400 ¥ DAP 3
of absolute impedance in the presence of DAPs indicate &
the superior performance of DAPs.*** The fitted Bode
plots of DAPs are shown in the Figures 3(g—1). &
o = -600
3.3 Potentiodynamic polarizations study
The potentiodynamic polarisation plots (PDP) for MS
in 1 M HCl in the absence and presence of DAPs at the 1
. . -1 L -800
optimum concentration of 40 mgL.™" are shown in Fig- 6 -5 -4 -3 2 10
ure 4. The calculated PDP parameters such as corrosion . .
log (A/em”)

current density (i.o ), corrosion potential (E), anodic
Tafel slope (B,), cathodic Tafel slope (8.) and the inhi-
bition efficiency (1%) are given in Table 5. The n% was
calculated using the following equation:

icorr - icorr(inh)

n% = x 100 1)

lcorr

where, i, and i are the uninhibited and inhib-
ited corrosion current densities, respectively. Figure 4
clearly shows that the addition of DAPs causes reduc-
tion of i, without causing a significant change in E,
thereby suggesting that all DAPs are good corrosion
inhibitors and act as mixed inhibitors.*® The parallel
cathodic Tafel lines (Figure 4) suggest that the addition
of inhibitors does not modify the mechanism of corro-
sion reaction.*' On addition of the DAPs, the values for
both anodic and cathodic Tafel slopes (8., B.) slightly
change, which indicates that the addition of the inhibitor
reduces the anodic dissolution of mild steel as well as
retards the cathodic hydrogen evolution reaction, with-
out affecting the reaction mechanism.

3.4 Surface analysis

For the surface characterization, scanning electron
microscopy (SEM) and atomic force microscopy (AFM)
have become most powerful tools for analyzing the of

Figure 4. Polarization curves for corrosion of mild steel
in the absence and presence of optimum concentrations of
inhibitors.

surface of corroded specimens. From the SEM, the mor-
phology of the metal surface and the accumulation of the
corrosion products on the metal can be examined. Fig-
ures S(a—d) (SEM image of mild steel, (a) Blank, (b)
DAP-1, (c) DAP-2, and (d) DAP-3), respectively, show
the SEM image of uninhibited and inhibited mild steel
samples in 1 M HCl for 24 h of the immersion period at
the optimum concentration (40 mgL~") of the inhibitors.
The surface of the uninhibited mild steel specimen is
highly corroded due to acid attack but in the presence
of the inhibitors, the surface is relatively smooth.

The AFM analysis was performed on steel surface
after the immersion of samples in acid solutions up to
24 h. The micrographs of the mild steel samples in
the absence and the presence of the inhibitors at the
optimum concentration (40 mgL™") are shown in Fig-
ure 6(a—d) (AFM image of mild steel, (a) Blank, (b)
DAP-1, (c) DAP-2, and (d) DAP-3, respectively). The
micrograph of the mild steel surface in the absence of
inhibitor is 400 wm and in the presence of inhibitors,
there is a significant improvement in the smooth-
ness due to the adsorption of the inhibitors on the
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Table 5. Potentiodynamic polarization parameters (£SD) for mild steel in IM HC1
in absence and presence of optimum concentration (40 mg L™") of DAPs at 308K.

Inhibitor  Ecor (MV/SCE)  icorr(WA/cm?)  Ba(mV/dec) —pc(mVidec) 1(%)
Blank —445 1320(0.03) 74.6 123.9 -

DAP-1 —492 29.3(0.02) 64.4 105.6 96.7
DAP-2 =517 79.8(0.02) 109.1 149.6 91.0
DAP-3 —505 109.4(0.03) 86.1 139.3 87.7

Figure 5. SEM images for, (a) Blank, (b) DAP-1, (¢c) DAP-2, and (d) DAP-3.

metal surface. The calculated average roughness for
DAP-1, DAP-2 and DAP-3 are 0.6, 5.2 and 10.0 pm,
respectively.

3.5 Quantum chemical calculations

3.5a Quantum chemical calculations of neutral
inhibitor molecules:  Frontier molecular orbitals: For
understanding the donor-acceptor relationship between
the frontier molecular orbital’s (FMOs) of the inhibitor

molecules and the metallic surface, HOMO and LUMO
were studied. Figure 7 shows the optimized structures,
HOMO/LUMO, and ESP of the corresponding corro-
sion inhibitors. The Mullikan charges are given in the
Table 6. Generally HOMO and LUMO represent the
electron donating and electron accepting capacity of
the molecules. ! Molecules with higher value of Eyomo
(less negative) and lower value of Epyyo (more neg-
ative) show greater donor and acceptor tendency with
appropriate metal d-orbital, respectively. 64
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Figure 6. AFM images for, (a) Blank, (b) DAP-1, (c) DAP -2, and (d) DAP -3.

It can be seen that in the case of neutral inhibitor
molecules (DAP-1, DAP-2 and DAP-3), the HOMO
electrons are spread over the phenyl ring and nitro-
gen atoms of the diaminopyridine ring. In the LUMO
regions for DAP-1, DAP-2, the electron density resides
all over the ring and in the case of DAP-3, the elec-
tron density is spread over the phenyl ring, nitrogen
atoms of the diaminopyridine ring and over the nitro

group.

Frontier molecular orbital energies: The calculated
quantum parameters like Eyomo, Erumo, AE (ELumo —
Enomo) are listed in Table 7. The difference in energy
level AE is an important factor and considered in
the evaluation of inhibition potential. Generally, higher
value of Eyomo suggests better donor performance of
the inhibitor molecules. Table 7 reveals that the value
of Eyomo for DAP-1 is larger than that of DAP-2
and DAP-3, which supports the order of inhibition
efficiencies obtained experimentally. The highest Eyomo
value for DAP-1 is due to the presence of electron
donating CHj; group attached to phenyl ring while low-
est Eyomo 1S attributed to electron withdrawing NO,
group. Furthermore, the lowest value of Ey 0 suggests
that DAP-1 has greater electron accepting capacity than
DAP-2 and DAP-3.

Softness is also an important parameter, which eluci-
dates the adsorption ability of the inhibitor molecules.
Higher value of softness and lower value of hardness
(n) is associated with the strong interaction with metal
and the high inhibition efficiency. Table 7 shows that the
softness of DAP-1 (1.061) is more than that of DAP-2
(0.970) and DAP-3 (0.869), and the hardness order is
as follows: DAP-3 > DAP-2 > DAP-1, which is in
accordance with the experimentally obtained inhibition
efficiency. The values of fraction of electrons transferred
(AN) are presented in Table 7. It is reported 7 that elec-
tron transfer from an inhibitor to metal takes place easily
when the AN value is greater than O and less than 3.6.
Table 8 reveals that for all the neutral molecules the cal-
culated AN values are positive and less than 3.6, which
suggests that the inhibitor molecules have strong ten-
dency to donate electron to the vacant d-orbital of metal.

Fukui index analysis: The Fukuii indices fk and fk~
predict the most probable atomic sites of the elec-
trophilic and the nucleophilic activities of the inhibitor
molecules.® Higher value of f," suggests acceptance
of electron from the metal, while higher value of
fi sites suggests more interaction with the electron
deficient species. The calculated Fukui indices are pre-
sented in Table 8. In the case of DAP-1, the most
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Figure 7. Optimized structures, Frontier molecular orbitals and ESP map for neutral inhibitors molecules.
(a) DAP-1, (b) DAP-2, and (c) DAP-3.

Table 6. Mullikan charge on the heteroatoms of neutral DAPs.

Inhibitors Mullikan charge on heteroatom’s

N. Np Nc Ng O Or N, On O;
DAP-1  —0.590 —0.530 —0.489 - - - - - -
DAP-2 —0.589—0.527 —0.486 - - - - - -
DAP-3 —0.581-0.514-0.475 —0.232 —-0.405 -0.409 -0.233 —-0.410 —-0.411

Table 7. Calculated quantum chemical parameters for DAPs derived
from the B3LYP/6-31+G(d,p) method.

Inhibitors Epomo eV ErumoeV AEeV neV Poev-! AN
Neutral form

DAP-1 —4.216 —2.331 1.885 0.942 1.061 0.820
DAP-2 —4.223 -2.163 2.060 1.030 0.970 0.789
DAP-3 —4.312 —-2.012 2.30 1.150 0.869 0.720
Protonated form

DAP-1 —11.156 —5.881 5.275 2.637 0.379 —0.701
DAP-2 —11.415 —5.579 5.836 2918 0.342 —0.630
DAP-3 —-9.621 —5.105 4516 2.258 0.442 —0.563

susceptible sites for electrophilic attacks and for elec-
tron acceptance ( f;") are: C(1), C(5), C(9), C(10), C(12),
C(14), C(16), C(18), C(20), C(21), and N(8) and the

sites for nucleophilic ( f,) attack are: C(1), C(2), C(5),
C(6), N(7), N(8) and C(20), respectively. In the case
of DAP-2, the active sites for electrophilic attacks are
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Table 8. Calculated Fukui functions for the studied neutral inhibitor

molecules
Atoms DAP-1 DAP-1 DAP-2 DAP-2 DAP-3 DAP-3
fr i fr fi fr i
C1 0.271 0.097 0.268 0.103 0.251 0.016
C2 0.048 0.029 0.062 0.019 0.062 —0.0018
N3 —0.009 0.001 -0.01 0.0013  0.009 0.088
C4 0.035 0.007 0.043 0.013 0.043 0.022
C5 0.277 0.131 0.276 0.124 0.266 0.007
Ceo 0.042 0.004 —-0.038 —0.008 —0.037 0.008
N7 0.05 0.032 0.038 0.022 0.034 0.022
NS 0.06 —0.017 0.054 0.077 0.05 0.08
C9 0.054 0.138 0.066 0.093 0.067 0.03
C10 0.034 0.137 0.042 0.171 0.043 0.162
C11 0.016 —0.0018 0.011 0.009 0.008 0.045
C12 0.022 0.051 —-0.0238 0.064 0.023 0.073
C13 0.002 —0.0034 —0.0003 O 0.001 0.027
C14 0.041 0.0745  0.039 0.022 0.039 0.117
C15 —0.002 —-0.0075 —-0.0038 0.077 —0.0041 0.014
C1e6 0.023 0.0625 0.027 0.093 0.027 0.08
C17 0.021 0.0016  0.013 0.171 0.01 0.007
C18 0.03 0.059 0.032 0.0094 0.031 0.011
C19 0.0018 0.004 —-0.0012 0.064 —0.0026 0.005
C20 0.055 -0.0829 —-0.0523 O 0.051 0.019
C21 —0.002 0.0829 —0.0045 0.098 —0.0051 0.0018
C22 —0.009 0.0076  0.035 —0.007 0.035 0.013
C23 —0.01 0.0657 —0.009 0.082 —0.0022 0.038
C24 0 —0.0036 —0.009 0.006 —0.0029 0.006
N23 - - - - 0.0058  0.057
N24 - - - - 0.01 0.037
025 - - - - 0.007 0.009
026 - - - - 0.013 0.006
027 - - - - —0.0096 —0.0003
028 - - - - —0.0094 —0.0001

C(1), C(5), N(8), C(9), C(10), C(12), C(15), C(16),
C(17),C(19), C(21) and C(23) atoms while, the favor-
able sites for nucleophilic attack are C(1), C(2), C(4),
C(5), C(10), C(14), C(20) and N(8) atoms. Likewise,
for DAP-3, the sites for electron acceptance are N(3),
N(8),C(10),C(12),C(14),C(16),C(1),C(23) and N(23)
atoms whereas, C(1), C(2), N(7), N(8), C(9), and C(20),
0(26), O(27), O(28) are the electron donating atoms.
The analysis of Fukuii indices reveals that 2,6-
diaminopyridine ring along with the phenyl ring are
the reactive sites are more responsible for donor-
acceptor interactions and thus facilitate the adsorption
of inhibitors over the metallic surface. The atomic
positions DAPs are given in the Supplementary Informa-
tion: Tables S1-S3 for DAP-1 (Neutral, Cation, Anion),
Tables S4-S6 for DAP-2 (Neutral, Cation, Anion) and
Tables S7-S9 for DAP-3 (Neutral, Cation, Anion).

3.5b  Quantum chemical calculations of protonated
inhibitor molecules: The optimized structures, HOMO
and LUMO distributions are shown in Figure 8. The

heteroatom having the most negative value of Mullikan
charge is likely to undergo protonation easily. From the
inspection of Table 8, it can be observed that the energy
gap between Eyomo and Eppyo is less as compared
to the neutral molecules after the protonation. Table 8
reveals that all the calculated AN values are negative,
which means that the electron donation from inhibitor
molecules to the metal surface is not possible. It is also
noted that Eyyyo values of protonated inhibitors shift
towards more negative side as compared to the neutral
molecules, which suggests that the protonated inhibitors
have higher electron accepting capability compared to
the neutral molecules. Thus, in protonated molecules the
bond formation between inhibitor and metal takes place
by the acceptance of electrons by inhibitor molecules
from the metal surface.

3.5¢c Molecular electrostatic potential: The color
region for the electrophilic and the nucleophilic attack to
know the reactivity of the inhibitors molecule are stud-
ied using molecular electrostatic potential (MEP).® The
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Figure 8. Optimized structure, Frontier molecular orbitals and ESP maps for protonated inhibitors

molecules. (a) DAP-1; (b) DAP-2; (c) DAP-3.

MEP map of the inhibitors molecule is calculated by the
B3LYP/6-31G(d, p) for the neutral and the protonated
inhibitors molecules and are shown in the Figures 7 and
8, respectively. In the MEP map, the color regions lie in
the order of red, green and blue. The color region from
red to green is for the nucleophilic attack, and the color
region from green to blue is for the electrophilic attack.
For the neutral molecules, the color region of MEP lies
in between red and green, which are more susceptible
to the electrophilic attack. In the MEP map of neutral
inhibitors, the most negative potential (red color) are
around the N3, N7 and N8 atoms of the diaminopyri-
dine ring. The MEP map for DAP-3 has larger color
range due to the NO, group attached on both sides than
the other two inhibitors. From the MEP map of proto-
nated DAP-1, DAP-2 and DAP-3, it can be observed that
the whole molecule is ready for nucleophilic attack. The
nitrogen atoms (N3, N7 and N8) of the diaminopyridine
ring are having the most positive potential (blue color).
But in the case of DAP-3, it has both nucleophilic and
electrophilic regions due to NO, groups on both sides
of the ring. The color range for the protonated species
is larger than that of the neutral species, which is in
accordance with the experimental results.

3.6 Monte Carlo simulations

The interaction between the inhibitor molecule and
metal surface was studied by Monte Carlo simulations. ®

The adsorption behavior of inhibitor molecules over the
metal surface is shown in Figure 9. It is clearly seen
that the orientation of the studied inhibitor molecule lies
flat on the metal surface. The corresponding values for
the outputs and descriptors are listed in Table 9. The
parameters include the total energy of the substrate—
adsorbate configuration, which is defined as the sum
of the energies of the adsorbate components, the rigid
adsorption energy, and the deformation energy. The sub-
strate energy (i.e., Fe (110) surface) is taken as zero.
Moreover, adsorption energy reports the energy released
(or required) when the relaxed adsorbate component
was adsorbed on the substrate. The adsorption energy
is defined as the sum of the rigid adsorption energy and
the deformation energy for the adsorbate component.
The rigid adsorption energy reports the energy released
(or required) when the unrelaxed adsorbate component
(before the geometry optimization step) was adsorbed
on the substrate. The deformation energy reports the
energy released when the adsorbed adsorbate com-
ponent was relaxed on the substrate surface. Finally,
(dEad/dNi) reports the energy of substrate—adsorbate
configurations where one of the adsorbate components
has been removed.

The large negative value for adsorption energies in
Table 9 suggest that the inhibitor molecule strongly
adsorbs onto the Fe (110) surface.®”% The maxi-
mum negative value of adsorption energy for DAP-1
(-2530.79 kJ/mol) suggest that DAP-1 more strongly
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Inhibitors | Gas phase Aqueous phase
DAP-1
DAP-2
DAP-3
Figure 9. Side views and top views of the most stable configurations for adsorption of, (a) DAP-1, (b)

DAP-2, and (c) DAP-3 on Fe (110) surface calculated using Monte Carlo simulations in the gas phase and

aqueous phase.

Table 9. Interaction energies between the inhibitors and Fe (110) surface (kJ/mol)

Inhibitors (Total energy) Adsorption Rigid adsorption Deformation dEad/dNi: dEad/dNi :
kJ/mol Energy kJ/mol Energy energy Inhibitor’ H,O

(gas phase)

DAP -1 —1030.8 —2530.79 —794.13 —1744.30 —2530.79 -

DAP-2 —860.78 —808.20 —786.48 0.7238  —808.20 -

DAP-3 —767.88 —691.93 —692.66 —14.07 —691.39 -

(aqueous phase)

DAP -1 —6325.20 —6082.86 —6324.36 241.50 —846.42 —24.01

DAP-2 —5921.07 —5745.38 —5988.39 243.00 —755.50 —28.91

DAP-3 —5965.29 —5989.77 —6249.34 259.53 —929.14 —44.22

adsorbs on the metal surface than DAP-2 and DAP-
3 (-808.206, -691.397 in kJ/mol, respectively). This
follows the order of the inhibition efficiency obtained
in the experiments. The order of the rigid adsorption
energy is also according to the experimental results
which are as follows: -794.1315, -786.4832, 692.6653
kJ/mol for DAP-1, DAP-2, DAP-3, respectively. In order
to get the real corrosive environment, it is necessary to

conduct the MC simulation in the presence of water.
Figure 9 shows the inhibitor (DAP-1, DAP-2, DAP-
3) configuration in the aqueous phase. Table 9 reveals
the adsorption energy values in the aqueous phase for
the studied inhibitors, DAP-1, DAP-2 and DAP-3. It is
generally noticed that the metal-inhibitor interaction is
depicted by the adsorption mechanism. High negative
adsorption energy values indicate the more stable and
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stronger adsorption. On inspection of Table 9, we see
that all the calculated values like total energies, adsorp-
tion energies, rigid adsorption energies and deformation
energies are very high in the aqueous phase than in the
gas phase. This proves that the inhibitor is stable in
the aqueous phase and strongly binds to the metal sur-
face. However, there is a change in the regular trends in
the Total Energy value, Adsorption Energy value, Rigid
adsorption Energy value, and the (dEad/dNi) Inhibitor
value of DAP-2 and DAP-3, in the aqueous phase. It does
not follow the experimental result. DAP-3 shows higher
energies than DAP-2; this is because of the presence of
excess oxygen atoms in the NO, group which can bond
strongly with water in a hydrogen bonding. (O—H).
This increases the interaction of the inhibitor molecule
with Fe surface. In the gas phase, such hydrogen bond-
ing interaction is not present, therefore the adsorption of
DAP-2 is greater than DAP-3. This shows that in aque-
ous phase, apart from adsorption of the inhibitor on the
metal surface, many processes such as hydrogen bond-
ing, protonation of inhibitor molecules in acid solution,
pH of the solution, efc., can lead to a discrepancy in
simulation results. From the Table 9, (dEad/dNi) energy
of water from the metal surface gives the information
about the ease of water removal from the metal surface,
which can protect the metal surface from the corrosive
aqueous environment.

4. Conclusions

All the three tested Schiff base DAPs are good corrosion
inhibitors for mild steel in 1 M HCI. Among the three
DAPs, DAP-1 having methyl substituent exhibited high-
est inhibition efficiency of 98.58% at 40 mgL.~'. DAPs
were found to inhibit corrosion by adsorption mech-
anism which follows Langmuir adsorption isotherm.
The formation of a protective film was confirmed by
SEM and AFM. PDP study revealed that all three
DAPs act as mixed-type corrosion inhibitors. The high
value of polarization resistance (Rp) obtained from EIS
data further confirmed the effectiveness of the studied
corrosion inhibitors. The inhibition efficiency (IE) pre-
dicted from theoretical data such as, Eyomo, Erumo, AE
obtained by DFT approach, was very well-correlated
with experimentally obtained IE. The MC simulation
results follows the order: DAP-1 > DAP-2 > DAP-3
in both aqueous and gas phases, which is in accor-
dance with the experimental IE. The IE ranking for the
studied inhibitors is as follows: DAP-1 > DAP-2 >
DAP-3. The highest inhibition efficiency of DAP-1 was
attributed to its parallel adsorption on the metal surface.
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Supplementary Information (SI)

Figures S1-S3 and Tables S1-S9 are available as Supplemen-
tary Information at www.ias.ac.in/chemsci.
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