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Abstract The present work highlights the corrosion inhi-
bition action of two indole-3-hydrazides with varying alkyl
chain lengths: 2-(1H-indol-3-yl)acetohydrazide (IAH) and
4-(1H-indol-3-yl)butanehydrazide (IBH) against mild steel
(MS) in 0.5 M hydrochloric acid (HCI) solution using
electrochemical and gravimetric measurement methods.
Both TAH and IBH behaved as mixed-type inhibitors, and
their anticorrosion behaviour was due to a protective film
formation on MS surface through physisorption, in agree-
ment with Langmuir’s adsorption model. The surface
morphologies of the inhibited specimens examined using
SEM and AFM images showed distinctive improvement
against acid corrosion. The quantum mechanical calcula-
tions indicated the contribution of delocalized m-electrons
in the indole unit and the lone-pair electrons in the car-
bonyl group for improved adsorption of the studied
hydrazides onto the metal surface, supporting the experi-
mental results. IAH and IBH showed maximum inhibition
efficiency of 80.4 and 94.1% at 30 °C in MS exposed to
0.5 M HCI medium at its optimum concentration. The
better resistance to MS corrosion was exhibited by the acid
system-containing IBH bearing three methylene groups and
hence having higher molar volume and surface coverage in
comparison with IAH that incorporated only one methy-
lene group in its chemical structure.
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1 Introduction

Mild steel (MS) alloys are preferred materials in chemical
and petrochemical industries as well as oil refineries
because of their versatility in mechanical characteristics,
easy availability and low cost [1]. Moreover, the wide
usage of MS is perceived in various construction systems
such as gas pipelines for oil and gas distribution, boilers,
storage tanks for corrosive chemicals, heat exchangers and
engineering machineries [2, 3]. Mineral acids, especially
sulphuric and hydrochloric acids, are commonly used in
oil-well acidizing and also as pickling and cleaning agents
in many industries and treatment plants [4]. HCI is the
primarily chosen acid due to its more cost-effective, effi-
cient and trouble-free nature. However, deterioration of
MS alloy in aggressive acid environment is an industrial
menace. The high susceptibility to corrode in these
aggressive acidic environments limits the utility of the
extremely expedient MS alloy [5]. Hence, protection of MS
and thereby conservation of economic resources in tech-
nology have gained wide attention. Immense research
efforts that focus towards the reduction of damages caused
by MS corrosion are therefore highly essential.

Among various prevention methods to combat electro-
chemical degradation process and destruction due to acid-
induced corrosion, inhibitors play a significant role as they
are cost-effective and can be injected into an ongoing
industrial process without interrupting it. Heterocyclic
compounds are organic chemical entities that incorporate
aromatic rings and one or more heteroatoms such as
nitrogen, oxygen, sulphur and phosphorous in their
molecular structure, which can adsorb onto MS to form a
protective surface film and thus inhibiting corrosion of MS
in acidic environments [6]. Hydrazides and their deriva-
tives containing nitrogen—nitrogen covalent bond have
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gained prominence because of their corrosion inhibitory
feature on MS in acid media as described in earlier
investigations [7]. Besides, hydrazides with additional
aromatic rings, hetero atoms and electron-donating groups
have been found to exhibit better inhibition performance.
Studies on MS corrosion in 1 N sulphuric acid using
hydrazides of salicylic, anthranilic, benzoic and cinnamic
acids have reported an inhibition efficiency as high as
96.99% [8]. Most of the hydrazides that have been inves-
tigated have revealed a mixed type of inhibition behaviour
by controlling both anodic and cathodic corrosion reac-
tions, and the inhibition has occurred through adsorption
phenomena that followed either Langmuir or Temkin iso-
therm model [7]. However, there are very few literature
evidences that showcase the efficiency of indole-containing
inhibitors to mitigate the acid-induced MS corrosion
[9-12]. Supplementary Table 1 displays the efficiency of
few indole derivatives that has been investigated till date to
resist the loss of MS metal due to acid-mediated corrosion.

Interestingly, to the best of our knowledge, there are no
reports available on hydrazides of indole-3-carboxylic
acids explored as inhibitors against MS corrosion in HCI
environment. Therefore, the present investigation high-
lights the comparative study of inhibitory characteristics of
two indole-3-acid hydrazides with varying numbers of
methylene units: 2-(1H-indol-3-yl)acetohydrazide (IAH)
and 4-(1H-indol-3-yl)butanehydrazide (IBH) against MS
corrosion that occurs in HCI media. The corrosion inhibi-
tion efficiencies of IAH and IBH are studied using gravi-
metric and electrochemical techniques. Besides, the
various thermodynamic parameters for the inhibition pro-
cess against metal deterioration are analysed and the
mechanism of corrosion inhibition is also proposed. The
morphology analysis of the MS surface has also been
carried out to support the experimental results. As the
molecular properties of inhibitor molecules are related to
its adsorption behaviour on metallic surfaces [13—15], the
electronic parameters based on the density functional the-
ory (DFT) are employed for studying the adsorption
properties of IAH and IBH on MS surface.

2 Experimental Details
2.1 Preparation of Mild Steel Specimen

MS coupons with following chemical composition (in
weight percentage): Fe (99.0), C (0.15), Si (0.15), S
(0.062), P and Cr (0.05 each) and Mn (0.49), were used in
the present study. Cylindrical MS samples with 4.0 cm
height and 0.95 cm?® exposed area were prepared. These
test coupons were initially polished with various grade
emery papers (200 to 1000). Further disc polishing was
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done using lavigated alumina (0.05 micron), later cleaned
with distilled water and completely dried before introduc-
ing into 0.5 M HCI.

2.2 Synthesis and Characterization of Inhibitors

About 0.08 mL of concentrated sulphuric acid (98%) was
added to 0.005 mol of indole-3-acetic acid/indole-3-butyric
acid dissolved in 8 mL ethanol and refluxed for 5 h to
obtain the respective esters. Further, 0.24 mL of hydrazine
hydrate was added to 0.004 mol of indole-3-esters and
refluxed for 8 h to obtain 2-(1H-indol-3-yl) acetohydrazide
(IAH) and 4-(1H-indol-3-yl) butanehydrazide (IBH). The
pathway for the preparation of hydrazides is presented in
Scheme 1.

The chemical structures of IAH and IBH were con-
firmed by recording '"H NMR spectra using a 400 MHz
Bruker spectrometer and are presented in supplementary
figures (SF.1) and (SF.2), respectively.

2-(1H-indol-3-yl) acetohydrazide (IAH): 'H NMR
(DMSO-d¢, 400 MHz): & 3.451 (s, 2H, CH,), 4.193 (s, 2H,
NH,), 6.950-6.985 (t, 1H, 6.8 Hz), 7.039-7.075 (t, 1H,
6.8 Hz), 7.176 (1H), 7.321-7.340 (d, 1H, 7.6 Hz),
7.558-7.576 (d, 1H, 7.2 Hz), 9.128 (s, 1H), 10.855 (s, 1H,
NH).

4-(1H-indol-3-yl) butanehydrazide (IBH): '"H NMR
(DMSO-dg, 400 MHz): 6 1.840-1.877 (t, 2H, CH,,
7.6 Hz), 2.065-2.102 (t, 2H, CH,, 7.6 Hz), 2.633-2.671 (t,
2H, CH,, 7.6 Hz), 4.162 (s, 2H, NH,), 6.939-6.976 (t, 1H,
7.6 Hz), 7.032-7.069 (t, 1H, 7.6 Hz), 7.096 (1H),
7.311-7.331 (d, 1H, 8 Hz), 7.481-7.500 (d, 1H, 7.6 Hz),
8.942 (s, 1H), 10.752 (s, 1H, NH).

2.3 Gravimetric Method

The MS test coupons (2.0 cm x 2.0 cm x 0.1 cm) used
for weight loss measurements were subjected to necessary
pre-treatment process by polishing with different grades of
emery papers and then washed with distilled water. The
experiment was performed at 303 K in 100 mL 0.5 M HCl
in the absence and presence of IBH and IAH at varying
concentrations. The initial weight of the test coupon was
noted. Further, it was completely immersed into the
experimental solution for 3 h, washed thoroughly with
distilled water and dried, and final weight was recorded.

The corrosion rate (CR), percentage inhibition efficiency
(% IE) and surface coverage (0) were computed using
equations Egs. (1-3), respectively [16-18].

w
CR =" (1)

where W, A and ¢ denote the average weight loss of MS
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Scheme 1. Synthetic path for o
indole hydrazides
n OH CzHSOH n Q NHQ-NHZ Hzo n ITIH
\ Conc. H,S0, \ CH, CoHsOH \ NH,
) N
H H H
IAH: n=1
IBH: n=3

specimen, its total area and the 3-h immersion time in the
test solution, respectively.

CR, — CR;
—_— X

IE(%) = CR,

100 (2)
where CR, and CR; signify the rate of corrosion in the
absence and presence of different concentrations of IAH/
IBH, respectively.
0— IE(%)

© 100

(3)
2.4 Electrochemical Investigations

The electrochemical techniques were performed using
CH600 D-series electrochemical workstation. The three-
electrode Pyrex glass system was used consisting of MS,
calomel and platinum rod as the working, reference and
auxiliary electrodes correspondingly. After immersing the
electrodes in the conductive medium, the potential scan
was conducted for 30 min and the system was allowed to
reach the open-circuit potential (OCP). Potentiodynamic
polarization (PDP) data were collected at the OCP with
— 250 to + 250 mV as potential range at a scan rate of
1 mV/s. The corrosion current density (i.o) and corrosion
potential (E..,) were obtained by extrapolating the polar-
ization curves, and the corresponding point of intersection
to the Y-axis and X-axis gives E.o. and i, respectively.
The % IE was calculated using equation (Eq. 4) [19].

[E(%) = o — feoninh) l,’““’“““h) % 100. (4)

Electrochemical impedance spectroscopic (EIS) studies
were executed at the OCP in 0.01 Hz to 100 kHz as the
frequency response by applying small amplitude of ac
signal of 10 mV. The Nyquist plots obtained were used to
analyse the impedance parameters such as charge transfer
resistance (R..), solution resistance (R;) and double-layer
capacitance Cg after fitting into suitable equivalent
circuits. Equation (Eq. 5) was used to calculate the % IE
from the R values [20]

Rct(inh) — Ryt

%IE = x 100 (5)

ct(inh)

where Rcginny and R, represent the charge transfer

resistances with and without inhibitors, correspondingly.
The Cy was calculated using equation (Eq. 6) [21].

_ 1
B 2nfmacht

where fi.x i1s the frequency at which the impedance is
maximum.

Ca (6)

2.5 Surface Morphology Analyses

The MS samples were immersed in 0.5 M HCI alone and
test solutions of 0.5 M HCI containing 1 mM inhibitors for
3 h. Later, these specimens were removed from the solu-
tion, washed using distilled water and dried. Then, the MS
surfaces were microscopically analysed using SEM (SEM-
EVO 18-5-57 model) and AFM (AFM-1B342 Innova
model).

2.6 Theoretical Studies

Schrodinger Material Science Suite was used to perform
DFT calculation using Gaussian Maestro material science
software with B3LYP as the correlation factor and
631 + G as basis set to evaluate the necessary quantum
chemical parameters [22]. The highest occupied and lowest
unoccupied frontier molecular orbital’s (EFyomo and
Erumo) energies were calculated, and these results were
then used to compute other quantum chemical features
[23, 24].

3 Results and Discussion
3.1 Gravimetric Analysis

Weight loss measurements were performed with the aim of
assessing the influence of IAH and IBH concentrations on
the rate of MS corrosion (CR), percentage inhibition effi-
ciency (% IE) and surface coverage (0) in 0.5 M HCI
which were computed using equations Eqgs. (1), (2) and (3),
respectively.

The weight loss parameters calculated for both inhibi-
tors in their various concentrations are presented in the
table in Fig. 1. The addition of IAH and IBH in the
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Fig. 1 Plot of variation in inhibition efficiency versus inhibitor concentrations. Results of gravimetric analysis for MS corrosion without and

with TAH and IBH at 30 °C

corrosion medium reduces the CR of MS. Moreover, the %
IE is found to rise with increasing inhibitor concentrations.
The graphical representation of the escalating trend in % IE
with increasing IAH and IBH concentrations is depicted in
Fig. 1. These inferences are suggestive of adsorption of
inhibitor forming a layer, which facilitates the isolation of
MS surface from exposure to the corrosive medium.
Between the indole hydrazides studied, IBH has been
found to exhibit very high % IE of 96 at 1 x 10~ M
concentration with threefold reduction in the rate of MS
corrosion compared to TAH. Besides, higher surface cov-
erage (0) value of IBH (0.96) compared to TAH (0.87)
clearly demonstrates that IBH is superior to IAH in its
effectiveness in preventing MS surface deterioration in
HCI medium.

3.2 Electrochemical Investigations
3.2.1 Potentiodynamic Polarization (PDP) Studies

To further probe into the anticorrosion property of IAH and
IBH on MS in 0.5 M HCl medium, polarization studies
were carried out in five different concentrations ranging
from 0.0001 to 0.001 M. The current—potential relation-
ships for MS electrode in the studied test solutions are
portrayed in Fig. 2. The presence of IAH and IBH in the
corrosive environment affect the anodic as well as the
cathodic parts of the Tafel plots leading to substantial
reduction in both CR and i..,. This behaviour could be
owing to the adsorption of these inhibitor molecules on the
surface of MS, thus obstructing the reactive sites [25]. The
relevant electrochemical parameters such as E.om, icorr
anodic (f8,) and cathodic (f5.) Tafel slopes and percentage
efficiency for IAH and IBH are presented in Tables 1 and 2,
respectively.
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It is evident that the addition of inhibitors leads to the
decrease of i.,,, values which accordingly increased the
% IE. This suggested the development of adsorbed inhi-
bitor layer on MS surface, preventing its direct exposure
to the corrosive acid media. Moreover, an increase in IAH
and IBH concentrations has led to rise in % IE at all the
three studied temperatures, and these results are compa-
rable to that obtained from weigh loss studies. Although a
slight anodic shift in the E,, values is observed, those
being well within the defined range (< 4+ 85 mV) indicate
that both IAH and IBH predominantly act as a mixed-type
inhibitor with more control over the anodic dissolution
process [26]. Moreover, both the anodic and cathodic
slopes remain unaffected in the presence of inhibitors,
which specify that the molecules used in this study
demonstrate their inhibition behaviour through an
adsorptive mechanism [27].

The study of the effect of temperature on the CR and %
IE enables the calculation of kinetic and thermodynamic
parameters for corrosion and its inhibition process. These
parameters are useful in interpreting the adsorption beha-
viour of the inhibitor molecules. Generally, CR increases
with rise in temperature owing to the increased conduc-
tance of the medium. Further, the hydrogen over potential
decreases with an increase in temperature, resulting in the
increase in cathodic reaction rate in the absence of inhibitor
[27]. The increase in inhibition efficiency with rise in
temperature indicates the possible chemisorption of the
inhibitor on the metal surface due to the greater electron
densities at their adsorption centres. In the present study,
CR decreases and in turn the % IE increases with rising
concentration of both IAH and IBH at each studied tem-
perature. However, the % IE decreases with an increase in
temperature, and this interesting observation may be owing
to the desorption tendency of the adsorbed inhibitors from
the MS surface with rising temperature [28]. The
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Fig. 2 Tafel polarization plots for the MS corrosion behaviour in 0.5 M HCI with increasing concentrations of a IAH and b IBH

Table 1 PDP measurements for the MS corrosion in 0.5 M HCI without and with IAH

Temperature (K) Conc. of IAH (M) E.orr (mV/SCE) — f. (mV/dec) fa (mV/dec) icore (MA/cm?) CR (mmpy) 1IE (%)
303 0 — 533 66.31 64.16 2.343 13.84
1 x10* — 489 44.67 52.21 0.924 5.46 60.5
25 x 107 — 487 45.35 50.51 0.791 4.67 66.2
5% 107 — 489 45.74 58.08 0.667 3.94 71.5
7.5 x 107 — 490 47.46 61.78 0.494 2.92 78.9
1x 1073 — 492 49.48 65.90 0.458 2.71 80.4
313 0 — 533 63.44 54.77 3.98 23.56
1 x10* — 493 43.03 58.6 1.950 11.52 51.0
25 x 107 — 482 45.30 52.84 1.796 10.61 54.9
5% 107 — 488 47.72 60.48 1.493 8.82 62.5
7.5 x 107 — 485 53.34 64.63 1.357 8.02 65.9
1x107 — 489 63.02 75.89 1.032 6.10 74.1
323 0 — 527 57.34 53.38 6.995 41.33
1 x 107 — 485 45.45 52.21 3.759 22.21 46.2
2.5 x 107 — 483 46.75 50.51 3.454 20.41 50.6
5% 107 — 487 49.35 58.08 3.016 17.82 56.8
7.5 x 107 — 486 52.75 61.78 2711 16.02 61.2
1x107 — 489 60.95 65.90 2.395 14.15 65.7

temperature-dependent desorption feature thus indicates
the physisorption tendency of the studied inhibitors on the
MS surface.

3.2.2 Electrochemical Impedance Spectroscopy (EIS)
Measurements

EIS is a vital tool employed to investigate the anticorrosion
performance of metals and relies on the impedance mea-
surement of the electrical double layer that exists at the
metal-medium interface. The impedance data acquired are

portrayed in the form of Nyquist plot, wherein the real and
imaginary segments of the impedance are plotted along the
x- and y-axis, respectively. The Nyquist plots of MS in
0.5 M HCI comprising differing IAH and IBH concentra-
tions, categorized by a large depressed semicircle, are
shown in Fig. 3a, b. The diameter of the depressed
capacitive loops increase with rising IAH and IBH con-
centrations, which suggests that the course of corrosion is
mostly controlled by the charge transfer phenomenon [29].
The depressed behaviour of the Nyquist plots is due to the
surface roughness from the adsorption of inhibitors,

@ Springer
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Table 2 PDP measurements for the MS corrosion in 0.5 M HCI without and with IBH

Temperature (K) Conc. of IBH (M) E.orr (mV/SCE) — f. (mV/dec) fa (mV/dec) icorr (MA/cm?) CR (mmpy) 1IE (%)
303 0 — 533 66.31 64.16 2.343 13.84 —
1 x 10 — 501 67.80 75.66 0.682 4.03 70.8
25 x 107 — 500 70.26 82.20 0.476 2.82 79.9
5% 107 — 502 50.49 55.01 0.444 2.63 81.0
7.5 x 107 — 569 51.84 54.72 0.350 2.07 85.0
1 x 107 — 492 82.91 10.50 0.138 0.82 94.1
313 0 — 533 63.44 54.77 3.988 23.56 —
1 x 10 — 512 56.84 58.02 1.67 9.86 58.1
25 x 107 — 503 64.80 66.54 1.008 5.93 74.7
5 x 107 — 505 69.26 71.05 0.846 5.00 78.7
7.5 x 107 — 509 70.74 77.48 0.563 4.35 85.8
1 x 107 — 505 46.20 48.85 0.165 0.98 95.8
323 0 — 527 57.34 53.38 6.995 41.33 —
1 x 107 — 517 59.74 49.69 3.430 19.20 50.9
2.5 x 107 — 507 50.10 52.44 2.083 6.14 70.2
5% 107 — 508 57.02 59.69 1.690 5.58 75.8
7.5 x 107 — 513 48.81 50.77 1.231 5.13 824
1 x 1073 — 511 50.01 51.01 0.687 3.92 90.1
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Fig. 3 Nyquist plots for MS corrosion in 0.5 M HCI comprising varying a IAH and b IBH concentrations at 40 °C, and ¢ equivalent circuit
model to fit the EIS results for MS in 0.5 M HCI containing 1 x 1072 M IBH at 313 K

deposition of corrosion products and the porous nature of
the inhibitor film created on the metal surface. The point
where high-frequency region of the curve meets the real
axis of the Nyquist plot represents the resistance of the
solution (Rg). The charge transfer resistance (R.) is
responsible for the low-frequency intercept at the real axis.
A simple three-element equivalent circuit model (RQR)
(with ;(2 value 9.34 x 107 is fitted into the impedance
results obtained for IBH, which is depicted in Fig. 3c.
Similar circuit has been used in the case of IAH also.

The impedance of constant phase element (Q) has been
employed to describe the suppression of the capacitive loop
as in equation (Eq. 7) [30].

@ Springer

Ca=0 (a)max)”il (7)

where Q denotes the constant phase element, @, relates
to the frequency wherein the imaginary part of the impe-
dance is maximum and n denotes the phase constant ele-
ment. The n values deviating from unity indicate the
behaviour of depressed semicircle due to surface inhomo-
geneity [31, 32]. If the value of n is 1, then Q performs like
an idyllic capacitor. The minor deviation in capacitance to
its real value is presented in terms of double-layer capac-
itance (Cg).

The values of Cy increases with an increase in tem-
perature in the absence of inhibitors, which might be due to
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either desorption of the chloride ions at the metal surface
causing a change in the double-layer structure or the
increase in local dielectric constant and/or a decrease in the
thickness of the electrical double layer [33]. The magnitude
of the Cg4 values decline with rise in inhibitor concentra-
tions owing to the swapping of water molecules primarily
adsorbed on the MS-media interface by IAH and IBH
molecules. This may lead to the reduction of the local
dielectric constant or rise in the electrical capacitor layer
thickness formed at the metal-media interface [34].
Moreover, the increase in IAH and IBH concentration lead
to elevated R, owing to improved surface coverage of the
inhibitors forming a thin shielding layer on the MS surface,
thereby decreasing the CR. The parameters extracted from
the Nyquist plot for IAH and IBH are presented in Tables 3
and 4, respectively.

The rise in R,, values with increasing concentrations of
inhibitor suggests that MS corrosion is mainly controlled
by the charge transfer process, and this result is in line with
that obtained from PDP measurements. More inhibitor
molecules get adsorbed on the MS surface with rising
inhibitor concentration, thereby decreasing the CR [35].
The % IE obtained by EIS method is in line with those
obtained in PDP and weight loss techniques and confirms
the superior corrosion inhibition capacity of IBH over IAH.

3.3 Adsorption Isotherm

The adsorption isotherm considerations play a crucial role
in deciding the mode of interaction between the inhibitor
molecules and MS surface and also assist in governing the
mechanism of corrosion inhibition by suitably fitting the
experimental data to various adsorption isotherms. The
surface coverage (0) values specify the extent of IAH and
IBH coverage on the MS surface for different concentra-
tions. The most frequently used isotherm models to check
their correlation to the experimental results are Temkin,
Freundlich and Langmuir. The results of the present study
indicate the best fitting to Langmuir’s adsorption isotherm
as shown in Fig. 4a, b, and it is described by using Eq. 8
[36]:

Cinh
8
: ®)

where C symbolizes the concentration of the inhibitor and
K.qs signifies the equilibrium constant for the adsorption
process. In the present case, the plots of Ci,,/0 versus
Cinn (Fig. 4) yield straight lines with the linear correlation
coefficient (R?) values close to unity, which suggests that
the adsorption of IAH and IBH in 0.5 M HCI medium on
MS surface obeys the Langmuir adsorption isotherm. The
slope ranges of these lines are 1.182-1.244 (IAH) and
1.129-1.48 (IBH) in the temperature range of 303 to

1
=% T Cinn

323 K, respectively, suggesting that the adsorbed
Table 3 EIS parameters for MS corrosion in 0.5 M HCI comprising IAH of varying concentrations
Temperature (K) Conc. (mM) R (Q sz) Ca (pF/cmz) Surface heterogeneity n Chsq values 1IE (%)
303 0 23 877 0.85 444 x 107 0
1 x 107 50.52 564.8 0.74 255 x 107 54.5
2.5 x 107 54.90 464.0 0.78 3.87 x 107 58.1
5% 107 68.25 331.8 0.74 1.40 x 107 66.3
7.5 x 107 78.22 238.1 0.72 934 x 107 70.6
1 x 107 89.54 166.2 0.76 934 x 107 74.3
313 0 11.20 3272 0.82 3.46 x 107° 0
1 x 10 20.68 2222 0.72 136 x 107 45.8
25 x 107 23.25 1857 0.75 2.83 x 107 51.8
5% 107 25.55 1294 0.70 3.89 x 1073 56.2
75 x 107 30.88 754.5 0.69 2.04 x 107 63.7
1 x 107 35.52 506.3 0.71 3.56 x 107 68.5
323 0 5.416 13,934 0.81 3.20 x 107 0
1 x 107 8.92 8303 0.78 438 x 107° 39.3
25 x 107 10.17 5018 0.76 6.75 x 107 46.8
5 x 107 11.25 3503 0.72 521 x 107 51.9
7.5 x 107 12.50 2381 0.73 256 x 107 56.7
1 x 1073 14.50 1677 0.75 8.24 x 107 62.7
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Table 4 EIS parameters for MS corrosion in 0.5 M HCI comprising IBH of varying concentrations

Temperature (K) Conc. (mM) Re (Q cm?) Ca (pF/cmz) Surface heterogeneity n Chsq values 1IE (%)
303 0 23 877 0.80 3.50 x 107° 0
1 x 10 63.80 159.7 0.75 321 x 107 63.9
25 x 107 75.86 98.08 0.72 3.56 x 107 72.6
5% 107 86.94 77.44 0.69 230 x 107 75.5
75 x 107 118.2 52.40 0.72 7.61 x 107 80.5
1 x 1073 769.3 7.56 0.74 8.24 x 107* 97.0
313 0 11.20 3272 0.79 231 x 107 0
1 x 10 22.61 9384 0.79 1.45 x 107 524
25 %x 107 4774 346.9 0.71 275 x 107 76.5
5% 107 51.13 252.7 0.74 2.76 x 107 78.0
75 x 107 72.66 157.0 0.71 3.01 x 107 84.5
1 x 107 86.68 107.3 0.74 3.25 x 107 87.0
323 0 5.416 13,934 0.81 1.50 x 107 0
1 x 10 12.66 2074 0.72 232 x 107 57.2
25 x 107 15.80 1068 0.74 5.35 x 107 65.7
5% 107 17.01 915.6 0.69 434 x 107 68.1
75 x 107 25.28 501.5 0.70 3.16 x 107 78.5
1 x 107 38.21 272.0 0.72 5.25 x 107 85.8
A - B 0.0014
0.0014 - 0.0012
0.0012 0.0010 -
0.0010 0.0008 -
<. 0.0008 - <, 1
o) U~ 0.0006 -
0.0006 ]
0.0004 - 008031
0.0002 0.0002 -
0.0000 ———————————————— 0.0000 R
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
C (M) C,. 0D

inh

Fig. 4 Langmuir’s adsorption isotherm for the MS corrosion in 0.5 M HCI comprising a IAH and b IBH

molecules form monolayer on the MS surface and there is
no interaction among the adsorbed inhibitor molecules.

The standard free energy of adsorption (AG,q°) has
been computed by using Eq. 9 [37].

Kogs = L exp <_AGad<> (9)

55.5 RT
where K,45, R, T and 55.5 symbolize the adsorption con-
stant, universal gas constant (8.314 J/mol/K), temperature
(K) and molar concentration (mol/L), respectively. The
standard enthalpy (AH,4°) and standard entropy (AS,qs°)

@ Springer

of adsorption have been calculated using the slope and
intercept values obtained from the plot of AG,4° versus T
as shown in Fig. 5a, b [38].

Generally, the — AG,q° value of < 20 kJ mol™'
implies Coulombic electrostatic interactions that exist
between the inhibitor molecules and the charged MS sur-
face. On the contrary, AG,q° value > 40 kJ mol ™! sug-
gests bond formation between the inhibitor and MS
surface, either through charge transfer or sharing [39]. The
thermodynamic parameters related to inhibitor adsorption
computed for IAH and IBH are displayed in Table 5. The
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Fig. 5 Plot of AG,4° versus T for the MS corrosion in 0.5 M HCI comprising a IAH and b IBH

Table 5 Thermodynamic parameters for MS corrosion in 0.5 M HCI containing IAH and IBH

Inhibitor Temperature (K) Kags M™H Slope R? — AG,q° (kJ/mol) AH,4° (kJ/mol) — AS,q° (J/mol/K)
1AH 303 19,114.4 1.182 0.998 34.90 — 483 0.0447

313 8635.20 1.291 0.994 34.10

323 3270.60 1.244 0.997 33.50
IBH 303 29,5243 1.129 0.999 36.05 — 435 0.0245

313 17,193.6 1.129 0.999 35.83

323 10,339.6 1.148 0.999 35.61

obtained -AG,4,° values for IAH and IBH (33-35 kJ/mol)
at all the three studied temperatures lie between 20 and
40 kJ/mol, which points towards a mixed type of adsorp-
tion on to the MS surface. However, the negative values of
AH,4° confirms the physisorption of both the studied
inhibitor molecules, which is further established by the
decrease in % IE observed with rise in temperature [40].

3.4 Surface Morphology Analysis

The SEM images of MS surfaces viewed to analyse the
extent of damage done by corrosion with and without the
inhibitors are presented in Fig. 6a—c. The MS specimen
surface after immersion in 0.5 M HCI displays a very
rough texture with numerous deep pits owing to severe
electrochemical degradation. These observations can be
explained on the basis of chloride (C17) ion activity. The
rough surface provides a nucleus for pit formation by
removal of surface films, so that CI™ can react directly with
the metal and lead to accelerated metal dissolution [41].
However, relatively smooth metal surfaces with decreased
number of pits and their depths are perceived on exposure
to the medium containing the inhibitors. The surface

morphology analysis thus indicates the creation of a pro-
tective inhibitor film, which acts as an isolating barrier
between MS surface and aggressive acidic media. This
adherent film facilitates excellent corrosion inhibition of
the alloy, particularly in the presence of IBH.

Subsequently, AFM has been employed for microscale
surface morphology analysis to probe the inhibitor effect
on the corrosion at MS/media interface. The 3D AFM
images for MS immersed in 0.5 M HCI and in 0.5 M HCl
containing 0.01 M TAH and IBH, respectively, are dis-
played in Fig. 6d—f. The less deteriorated MS surface in the
presence of IAH and IBH in comparison with the unin-
hibited one confirms the surface adsorption of the inhibi-
tors. The average surface roughness (R,) and root-mean-
square (RMS) roughness (R,) values obtained for the acid
solution without and with inhibitors are given in Fig. 6. In
the presence of IAH, the R, and R, values decrease when
compared to the uninhibited solution, respectively. How-
ever, as expected, the R, and Ry values for IBH are still
lesser than IAH, which further establish its superior surface
adsorption on MS and hence better anticorrosive
behaviour.
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EHT = 1000 kv
Wo= 85mm

23 Mar 2018

Date :23 Mar 2018
Time :11:32:00

10pm

Sample R, (nm) R, (nm)

MS+HCI 318 238
MS+HCI+IAH 260 245
MS+HCI+IBH 165 126

Fig. 6 SEM images of MS specimen immersed in a 0.5 M HCI, b IAH + 0.5 M HCl and ¢ IBH + 0.5 M HCl. AFM images of MS specimen
immersed in d 0.5 M HCl, e IAH + 0.5 M HCl and f IBH + 0.5 M HCI

3.5 Theoretical Studies

Quantum chemical calculations have been performed to
further comprehend the donor—acceptor interactions amid
MS and the studied hydrazides, as well as to analyse the
relationship between inhibition potentials with their
molecular structures. Figure 7 displays optimized molec-
ular geometries, HOMO and LUMO structures of IAH and
IBH molecules. The calculated values for Egouo and
Erumo and the difference in their energy levels (AE),
ionization energy (I), electron affinity (A), absolute elec-
tronegativity (y), global hardness (7), softness (¢) and
fraction of electron transferred (AN) and Mulliken charges
on the studied inhibitor molecules are given in Table 6.
The higher Eyomo values of the inhibitor represent
greater electron contribution capabilities to the d-orbitals of
Fe in MS, whereas the lower Ej yno values denote stronger
electron acceptance tendencies from the metal [42, 43].
IBH exhibits the higher Eyomo value than TAH, which
implies its greater tendency to give away electrons to
electron deficient sites of Fe and its lower Ejypo value
offers a better chance to accept charges through back-
bonding during donor—acceptor associations with Fe. This
favours better charge transfer facilitated adsorption of IBH

@ Springer

compared to IAH onto MS surface. Further, the energy gap
of the molecular orbitals (AE) displays a lower value in
case of IBH, which suggests its tendency to be highly
reactive [44].

Generally, the interaction between the metal surface and
inhibitor has been discussed using HSAB (hard—soft—acid—
base) principle [45]. Fe is considered to be a soft acid and
will coordinate strongly with molecules having higher
softness and displays high inhibition efficiency. Large
values of softness (o) of IBH are yet another molecular
descriptor of reactivity and selectivity that is related to its
better adsorption and in turn better inhibition efficiency.
Besides, the lower the fraction of electron donation
(AE) value, the higher the reactivity and hence the corro-
sion inhibition [46]. The tendency of the inhibitor molecule
to donate the electrons to the metal surface is described
based on the fraction of electron transferred (AN). As per
literature [47], AN value must be less than 3.6 for an
efficient inhibitor. The AN values obtained for both TAH
and IBH are lower than 3.6, which specifies that their
inhibition efficiencies stem from the electron-donating
ability to the vacant d orbital of Fe. The greater fraction of
electrons transferred by IBH (AN = 0.369) suggests the
increasing electron-donating ability of IBH, which is well
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Fig. 7 Optimized structures of a IAH and b IBH and HOMO and LUMO structures of ¢ IAH and d IBH

Table 6 DFT parameters and Mulliken population analysis for IAH and IBH

Property (eV) DFT parameters Mulliken charges population on atom

IAB IBH Atoms IAH Atoms IBH
Enomo — 5.480 —5.333 N9 — 05778 N9 — 0.5822
ELumo — 0435 — 0.870 N12 — 0.4245 NI11 — 0.4276
AE 5.045 4.463 N14 — 0.4412 N13 — 0.4452
1 5.480 5.330 013 — 0.5237 012 — 0.5219
A 0.435 0.970 C10 — 0.3208 Cl4 — 0.2399
x 2.957 3.100 Cl6 — 0.2557
n 252 233
c 0.396 0.429
AN 0.360 0.369
supported by the experimental results [48]. Lesser ioniza-  chemical analysis data are in alignment with the experi-
tion energy is suggestive of higher chemical reactivity [49], = mental measurements obtained in the present study.
and a trend of IBH < IAH for its value implies higher Mulliken charges on the atoms play a vital role in pre-

metal protection efficiency of IBH. Thus, the quantum  dicting the adsorption spots of the inhibitor molecule and
also the electron-accepting and donating tendency between
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the metal surface and the inhibitor. The Mulliken charge
population of IAH and IBH molecules is shown in Fig. 8. It
is reported [50, 51] that the heteroatoms with more nega-
tive Mulliken charge are considered as active sites for the
adsorption process. As depicted in Table 6, the oxygen and
nitrogen atoms of IAH and IBH with more negative charge
are found to be effective adsorption sites, preventing the
corrosion of MS in acidic medium.

3.6 Corrosion Inhibition Mechanism

The adsorption of inhibitor molecules onto the MS—med-
ium interface depicts the prime phase in the process of
inhibitor action. Adsorption is mainly influenced by the
physiochemical features of the inhibitor through electronic
framework of the molecule, m-orbital character, electron
density on the functional groups and donor atoms [52].
Generally, the driving force for the adsorption of inhibitor
molecules onto the metal surface is through the interactions
of non-bonded electrons and m-electrons in the inhibitor
molecule with the metal or electrostatic interactions
between the charged inhibitor molecules and the charged
metal. The main anchoring groups in indole hydrazides that
can maintain interactions with the free d-orbitals of Fe in
MS are: oxygen which serves as a source of two non-
bonded electron pairs, indole ring with delocalized m-
electrons and nitrogen atom carrying one lone pair of
electrons. Besides, two additional nitrogen atoms of the
functional group also favour the hydrazide adsorption onto
the MS surface. The protective film of IAH and IBH
molecules on MS surface in 0.5 M HCI presented in the
current study is through mixed adsorption, but predomi-
nantly physisorption [53].

The charge on the metal depends upon the value of the
pHZch, which is defined as the pH at the point of zero
charge potential. If the surface charge of MS at OCP is
positive in the inhibited and uninhibited HCI solutions with

A

Fig. 8 Mulliken charge population on a IAH and b IBH molecules
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respect to potential at zero charge, then it acquires positive
charge on the metal surface and organic molecules get
protonated in the acid medium [54]. The positively charged
metal surface in HCI environment enables negatively
charged chloride ions to adsorb on to the MS surface due to
their smaller extent of hydration and hence converts the
surface charge from positive to negative. Thus, these CI™
ions synergistically increase the protection efficiency of
most of the organic molecules. They facilitate improved
adsorption of protonated IAH and IBH molecules on to the
metal surface by forming intermediate channels amid
negatively charged solid surface and positively charged
inhibitor molecules. Consequently, transmission of corro-
sive ions such as C1~ and hydronium ions can be hindered
by the inhibitor film barrier, which can effectively protect
the MS from corrosion by means of physical adsorption
[55]. The schematic representation for electrostatic inter-
action and electron-pair interaction of IBH on to the MS
surface is shown in Fig. 9.

The inhibition efficiency of IAH and IBH is further
compared with other reported inhibitors [7, 9-12] of sim-
ilar type in Supplementary Table 7. 4-Hydroxy-N'-[(E)-
(1H-indole-2-ylmethylidene)] benzohydrazide shows inhi-
bition efficacy of 89% at 0.8 mM concentration by fol-
lowing Langmuir’s adsorption isotherm [9]. Indole-3-
acetic acid and indole 5-carboxylic acid show 93% at
1 x 102 Min 0.5 M HCl and 92% at 4 x 10~ M H,SO,,
respectively, by obeying Langmuir adsorption isotherm
[10, 11]. Quraishi et al. [12] investigated the effect of
3-amino-alkylated indoles on the corrosion behaviour of
MS in 1 M HCIL. The inhibition performances of the AAls
with cyclic amino substituents (AAI-2 and AAI-3) are
higher than that of AAI-1 with an opened chain amino
group. The inhibition potential has also been found to
increase with increasing ring size of the cyclic amine, and
this can be attributed to increasing molecular size/volume
of the molecule, which corresponds to an increase in
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Fig. 9 Adsorption through a electrostatic approach between protonated inhibitors and MS surface and b electron-pair interaction

surface coverage. The overview of hydrazide derivatives
[7] emphasizes the effect of most of the hydrazide
derivatives as potential inhibitors for MS in acid medium.
Hydrazide derivatives with additional heteroatoms (N, O,
S), aromatic rings and electron-donating groups have
shown better inhibition performance. From the table, it can
be inferred that the IAH and IBH act as a potential inhibitor
for corrosion inhibition of mild steel as it is showing nearly
the similar inhibition efficiencies in comparison with the
other reported inhibitors of this class. It is also seen that the
maximum inhibition efficiency of IBH is obtained at a
relatively lower concentration of (1 X 107> M) when
compared to those reported in the table.

The corrosion resistance of MS in IBH (with n = 3)-
containing HCl medium is much higher when compared to
that in the medium-carrying IAH (n = 1). Thus, longer the
methylene spacer between the aromatic indole ring and the
functional group, the higher the inhibition efficacy of these
hydrazides. IBH with extended methylene spacer has
higher molar volume and hence greater surface coverage
on MS specimen. Thus, it acts as a superior inhibitor
compared to IAH. This experimental result is in accordance
with earlier investigations, which states that inhibition
property increases with rise in molecular volume or chain
length [56]. Further, the nonpolar hydrophobic aliphatic
hydrazide chain of the adsorbed inhibitor repels the polar
medium and thereby forms a protective layer at the MS/
HCI interface shielding the metal from corrosion. The
molecular weight and size of the organic inhibitor also
have an impact on the corrosion inhibition efficiency. A
larger molecule with higher hydrophobic surface area thus
impacts the inhibition efficiency by reducing the metal
corrosion rate.

4 Conclusions

Indole-3-carboxylic acid hydrazides have not been
explored as inhibitors against MS corrosion in HCI envi-
ronment. This investigation highlights the comparative
inhibitory characteristics of two hydrazides with one and
three methylene units: 2-(1H-indol-3-yl)acetohydrazide
(IAH) and 4-(1H-indol-3-yl)butanehydrazide (IBH) against
MS corrosion that occurs in HCl media. The following
conclusions can be drawn from the present work:

e The inhibitor molecules TAH and IBH displayed
inhibition efficiencies of 80% and 94% in 0.5 M HCl
solution, presenting a mixed-type inhibition behaviour
similar to earlier reports on indole-bearing inhibitor
molecules and exhibited potential protection qualities
against MS corrosion in 0.5 M HCI.

e The adsorption of both the hydrazides was in agreement
with Langmuir’s isotherm model. The physisorption of
IAH and IBH on to MS was through the electrostatic
interaction between the inhibitor molecules and the
metal surface.

e SEM and AFM analysis demonstrated the remarkable
adsorption ability of the inhibitors on the MS surface,
thereby blocking the reactive sites.

e Theoretical calculations correlated well with the exper-
imental data and further substantiated the higher
inhibition efficacy of IBH. Thus, the presence of a
longer methylene linker improved the surface area of
adsorption and improved the corrosion inhibition of
MS.

Supplementary  InformationThe online version contains
supplementary material available at https://doi.org/10.1007/s12666-
021-02382-8.
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