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Acridine-based thiosemicarbazones as novel
inhibitors of mild steel corrosion in 1 M HCIL:
synthesis, electrochemical, DFT and Monte Carlo
simulation studies
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Electrochemical, surface morphology, density functional theory and Monte Carlo simulation methods were
employed in investigating the effects of (2E,2'E)-2,2'-(3,3,6,6-tetramethyl-9-phenyl-3,4,6,7-tetrahydroacridine-
1,8(2H,5H,9H,10H)-diylidene)bis(N-phenylhydrazinecarbothioamide) (IAB-NP), (2E,2'E)-2,2'-(3,3,6,6-tetramethyl-
9-phenyl-3,4,6,7-tetrahydroacridine-1,8(2H,5H,9H,10H)-diylidene)bis(N- (2,4 -difluorophenyl)hydrazinecarbothioa
mide)lAB-ND) and (2E,2'E)-2,2'-(3,3,6,6-tetramethyl-9-phenyl-3,4,6,7-tetrahydroacridine-1,8(2H,5H,9H,10H)-
diylidene)bis(N-(2-fluorophenyl) hydrazinecarbothioamide) (IAB-NF) on mild steel corrosion in 1 M HCl solution.
From the studies, compounds IAB-NP, IAB-ND and IAB-NF inhibit mild steel corrosion in the acid and the
protection efficiencies were found to increase with the increase in concentration of each compound. At the
optimum inhibitor concentration of 1.5 x 10~* M, the inhibition efficiencies (%) of the compounds are in the
order IAB-NF (90.48) > IAB-ND (87.48) > IAB-NP (85.28). Potentiodynamic polarization measurements revealed
that all the compounds acted as mixed-type corrosion inhibitors. Experimental data for the adsorption of the
studied molecules on a mild steel surface in 1 M HCl fitted into the Langmuir adsorption isotherm and the

standard free energies of adsorption (AGsgs) suggested both physisorption and chemisorption mechanisms.
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by the inhibitor molecules, resulting in protection of the metal from corrosive electrolyte ions. The
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Introduction

There is a continuous increase in the use of mild steel in the
construction and chemical industries and also for domestic
appliances because mild steel is relatively cheap and possesses
advantageous mechanical properties." Exposure of mild steel to
aqueous environments, especially concentrated acidic envi-
ronments results in the electro-dissolution and corrosion of the
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metal.>® Susceptibility of metals to corrosion in nearly all
industrial environments has limited the advancement of new
technologies.* Increasing the durability of construction mate-
rials and essential infrastructures such as rail tracks, bridges
and metallic structures including cars, storage tanks, corru-
gated iron, etc. by decreasing the rate of corrosion becomes
necessary. Because of wide applicability, high efficiency and
other numerous advantages, the use of inhibitors stands out as
the most efficient method in mitigating corrosion.>®
Currently, there is a growing and continuous need to develop
active, appropriate and environmentally friendly inhibitors to
mitigate the electro-dissolution and corrosion of metals.”
Mostly studied and widely utilized corrosion inhibitors are
compounds containing heteroatoms, such as nitrogen, sulphur,
oxygen and m-electron systems. Moreover, previous studies have
revealed that these organic compounds inhibit corrosion by
adsorption on the surface of the metal.*”" Organic molecules
used as corrosion inhibitors protect the metals from the
corrosive species in the immediate environment by forming
resistive layer on the metal surface, which ensures high resis-
tance to electron transfer reactions.'®"* Molecular orbitals and

This journal is © The Royal Society of Chemistry 2019
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electron densities around the donor atoms of an inhibitor
molecule strongly influence the adsorption and corrosion
inhibiting abilities of the inhibitor. Furthermore, steric factors
and the type of functional groups present in a compound used
as inhibitors are also very important.*>™**

Acridine derivatives, which are widely used as antibacterial
and antiprotozoal agents are the derivatives of tricyclic nitrogen
heterocyclic compounds.*® Acridine derivatives are reported to
have unique physical and chemical properties, biological
activities, and industrial applications."” The use of acridine
derivatives as corrosion inhibitors have been reported in liter-
ature. The influence of toluidine and acridine derivatives on the
corrosion of 63/37 brass in nitric acid solution was reported to
be excellent, with efficiency attributed to the elimination of
nitrous acid as well as the adsorption of onium type ions at the
metal surface.'® Diffusion and ionization steps associated with
the dissolution of a-brass in 1 M NaCl + 0.01 M HCI solution
had been found to be inhibited by alkyl acridinium halides. The
compounds were also found to be effective in inhibiting copper
dissolution than brass.*

Following the existing history of corrosion inhibition by acridine
derivatives, the present work reports the corrosion inhibition prop-
erties of some novel acridine-based thiosemicarbazones namely
(2E,2'E)-2,2'-(3,3,6,6-tetramethyl-9-phenyl-3,4,6,7-tetrahydroacridine-
1,8(2H,5H,9H,10H)-diylidene)bis(N-phenylhydrazinecarbothioamide)
(IAB-NP), (2E,2'E)-2,2'-(3,3,6,6-tetramethyl-9-phenyl-3,4,6,7-tetrahy-
droacridine-1,8(2H,5H,9H,10H)-diylidene)bis(N-(2,4-difluorophenyl)
hydrazinecarbothioamide) (IAB-ND) and (2E,2'E)-2,2'(3,3,6,6-tetra-
methyl-9-phenyl-3,4,6,7-tetrahydroacridine-1,8(2H,5H,9H,10H)-diyli-
dene)bis(N-(2-fluorophenyl) hydrazinecarbothioamide) (IAB-NF) for
mild steel in 1 M HCI. The effects of IAB-NP, IAB-ND and IAB-NF on
mild steel corrosion in the acid were investigated using electro-
chemical and scanning electron microscopy techniques. Theoretical
computational studies were carried out on the novel compounds
using density functional theory (DFT) and Monte Carlo simulation
calculations. The compounds in this study were synthesized as
outlined in Scheme 1. It is anticipated that the presence of

NiF,. 4H,0
(25 mol%)

Ethanol, 80 °C

D01 =€
ot

IAB-NP: R=H
IAB-ND: R =24-F
IAB-NF: R = 2-F

Scheme 1 Synthetic protocol for inhibitors IAB-NP, IAB-ND and IAB-
NF.2°
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functional groups such as -C=C-, -C=N-, -N=N-, -NH, -C=S
and m-bonds will enhance the adsorption of the molecules on mild
steel surface. The compounds differ in the number of fluorine (F~)
substituents on the phenyl rings, such that IAB-NP is unsubstituted,
IAB-NF has one F-substituent at position 2 on the phenyl ring (2-F
substituted) and IAB-ND has two F-substituents at positions 2 and 4,
ie. it is 2,4-F substituted. The effect of F-substitution on the phenyl
ring on corrosion inhibition potentials of the compounds is there-
fore examined.

Experimental and computational
studies

Synthesis and characterization of acridine-based
thiosemicarbazones IAB-NP, IAB-ND and IAB-NF

The synthesis protocol for inhibitors IAB-NP, IAB-ND and IAB-
NF is as outlined in Scheme 1. Detailed procedures, purifica-
tion methods, experimental yields and spectroscopy data,
including proton nuclear magnetic resonance (‘H NMR),
carbon-13 nuclear magnetic resonance (**C NMR), Fourier
transform infrared spectroscopy (FTIR), electron-spray ioniza-
tion mass spectroscopy (ESI-MS) and heteronuclear multiple
bond correlation HMBC have been reported elsewhere.”®

Materials

Chemical composition of mild steel samples employed for
electrochemical and surface morphology studies was deter-
mined prior to use; 0.076% C, 0.039% Ni, 0.015% P, 0.050% Cr,
0.030% S and 99.456% Fe. The samples of steel used for elec-
trochemical measurements were press-cut into 1 em? surface
area. Before all measurements and analyses were done, mild
steel surface was ground with different grade of emery papers
(600, 800 and 1200), washed with double distilled water,
degreased with ethanol and acetone and dried at room
temperature and used immediately. The corrosive solution, 1 M
HCI was prepared by carefully diluting appropriate amount of
32% analytical grade HCI (purchased from Merck South Africa)
with double distilled water.

Inhibitor solution

A stock solution of the respective inhibitors (concentration of
0.15 mM) were prepared by first dissolution in 5 mL of acetone
(5% equivalent), and subsequently diluted to various concen-
trations; 0.13, 0.09, 0.07 and 0.05 mM.

Electrochemical measurements

The working electrode employed in these measurements was a mild
steel coupon with exposed area of 1 cm”. The other components of
the electrochemical cell include Ag/AgCl (3 M KCI) as the reference
electrode and a platinum rod as the counter electrode. All
measurements were carried out at 25 & 1 °C on Metrohm AutoLab
Potentiostat/Galvanostat (PGSTAT302N) driven by AutoLab Nova 2.1
software. To ensure a stable open circuit potential (OCP), the
working electrode was immersed in the test solution for 30 min
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during which it undergoes free corrosion in the electrolyte before
each measurement.”

The mild steel working electrode potential in the corrosive
electrolyte was swept between —250 mV and +250 mV relative to the
OCP at a scan rate of 1 mV s~ . By extrapolating the linear regions of
the polarization curves, electrochemical parameters like corrosion
potential (E.o), corrosion current density (i.or;), anodic Tafel slope
(8a) and cathodic Tafel slope (8.) were obtained and recorded. From
the derived corrosion densities, the protection abilities were calcu-
lated using eqn (1):

-0 o

1. L.
% IEPDP _ _corr — corr

corr

% 100 (1)

where iy, and %, represents the corrosion current densities
for inhibited and uninhibited systems, respectively, and %
IEppp is the percentage inhibition efficiency.

An alternating current signal of 10 mV was allowed to pass
through the electrochemical unit at a range of 10" Hz to 105 Hz
frequency (at OCP) to record electrochemical impedance spec-
troscopy (EIS). The EIS spectra were fitted into a suitable Ran-
dle's equivalent circuit and relevant parameters were recorded
including the charge transfer resistance. The percentage inhi-
bition efficiency (% IEg;s) was calculated using eqn (2):

Ry — R,

ct

% IEgs = x 100 (2)
where Rg, and R, are the charge transfer resistance without the
inhibitors and in the presence of the inhibitors, respectively.
For more accuracy and reproducibility of experimental data, the
electrochemical studies were performed triply at each tested
concentration of the tested inhibitors and mean values are
reported.

Surface morphology studies

Scanning electron microscope (SEM) model JEOL JSM-6610 LV was
used for surface analysis of the mild steel coupon (1 cm?) allowed to
corrode without and in the presence of optimum concentration of
IAB-NF for 24 h.* The coupon was removed from the corrosive
solution after 24 h, gently washed with double distilled water,
acetone and air dried before analysis.

Quantum chemical calculations details

The studied inhibitor molecules were subjected to quantum
chemical calculations using the density functional theory (DFT)
with the Becke-3-parameter (hybrid) combined with Lee-Yang-Parr
(correlation) functionals (B3LYP) and 6-31G basis set.*?* The
calculations were performed with Gaussian 09.”° The initial and
optimized structures of the molecules and their frontier molecular
orbital iso-surfaces observed with the aid of GaussView 5.0. Frontier
molecular orbital energy parameters, that is, energy of the highest
occupied molecular orbital (Eyomo) and energy of the lowest
unoccupied molecular orbital (Epype) were derived for the most
stable configurations of the molecules. Global electronegativity (x)
and fraction of electron transferred (AN) from inhibitor molecule to
the metal were calculated according to the equations:*
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1
X = _E(ELUMO — Enomo) (3)
AN = ®Pre — Xinh (4)

2(77Fe + ninh)

where xinn and i, are the electronegativity and hardness of the
inhibitor respectively, ¢ge(110) is the work function of the body-
centered cubic (bcc) crystal structure of Fe(110), and 7. is the
hardness of Fe. The parameter, ¢re(110) has been reported to
have a value of 4.82 eV (ref. 28) and has been successfully used
in literature®*® while was taken to be 0 eV mol'.*° The work
function, ¢ is a better descriptor of charge density of metal than
electronegativity.”

Monte Carlo simulations details

The adsorption of isolated molecules of IAB-NP, IAB-ND and
IAB-NF on Fe(110) surface and their competitive adsorption in
the presence of water molecules on the same crystal surface
were investigated using the Monte Carlo simulation approach.
Fe(110) was used as a representative crystal surface for mild
steel, being essentially Fe. Moreover, Fe(110) cleaved plane is
a more appropriate surface than Fe(100) and Fe(111) based on
its favourable energetics and atomic density and this informed
its adoption in this study.*** The DFT optimized structures of
the inhibitor molecules were imported into the Materials Studio
6.0 and subjected to another geometry optimization with For-
cite calculations for further energy refinement using the
Conjugate Gradient algorithm at convergence tolerance 2 x
10° kecal mol~* (for the energy), 0.001 kcal mol~* A~ (for the
force), 107> A (for the displacement), and maximum of 500
iteration. H,O molecule was optimized at the same level of
theory. Fe crystal was imported from Materials Studio library,
cleaved into (110) plane, optimized using the Forcite module
with Universal Force Field before enlarged into a 10 x 10 super
cell and embedded in a vacuum slab.

An optimized isolated inhibitor molecule was made to
interact with the Fe(110) surface at a maximum distance of 15 A
to the surface region of the Fe(110) crystal in a simulated
annealing task by invoking the adsorption locator module. The
iterative interactions were carried out at ultrafine quality using
Smart algorithm and the energy parameters were calculated
with condensed-phase optimized molecular potentials for
atomistic simulation studies-27 (COMPASS27) force field.
Competitive adsorption of the inhibitor molecules in the pres-
ence of 100 molecules of H,O was carried out in a similar
approach. The equilibrium configurations of inhibitor/Fe(110)
and inhibitor/100 H,0/Fe(110) were determined for each of
IAB-NP, IAB-ND and IAB-NF and their corresponding adsorp-
tion energies (E,qs) were recorded.

Results and discussion
Potentiodynamic polarization study

A potentiodynamic polarization measurement was carried out
for all studied inhibitors at various concentrations (0.05 mM to
0.15 mM). The cathodic and anodic Tafel plots of metal exposed

This journal is © The Royal Society of Chemistry 2019
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to a corrosive solution (1 M HCI) without the inhibitors and in
the presence of various concentrations of IAB-NP, IAB-ND and
IAB-NF, respectively are represented in Fig. 1. Table 1 show
basic parameters (corrosion potential, E..,, anodic and
cathodic Tafel slopes, 8, and 8. and corrosion current density,
icorr) Which were extracted by extrapolating the linear region of
the cathodic and anodic branches of the Tafel curves. Further-
more, percentage of inhibition efficiency (% IEppp) at each
concentration recorded were calculated using eqn (1). Careful
observation of Fig. 1 shows that evolution of hydrogen gas was
stunted and the anodic dissolution of the mild steel was
reduced, suggesting that the studied inhibitors repressed the
corrosion of the metal. A prominent suppression was obtained
in the cathodic branches of the inhibited Tafel plots compared
to that of the blank at all concentrations, suggesting the
inhibitors could be acting as cathodic inhibitors.*?

However, Table 1 shows that the changes in E.. did not
follow any particular pattern, and there was no significant
change in E.,, of the inhibited system compared to that
recorded for the reaction without the inhibitors. The pattern
obtained for E.,, in this study suggests that the mechanism of
corrosion did not change both in the inhibited and uninhibited
systems and shows that the studied compounds behaved as
mixed-type inhibitors.**** Generally, there is a shift towards
lower current densities for both the anodic and cathodic
branches of the Tafel plots (Fig. 1) in the presence of the studied
inhibitors compared to the blank. The anodic branch of Tafel
plots similar to what we obtained in this study has been
attributed to possible formation of nonpassive film via the
deposition of impurities or small quantity of the products of
corrosion on the surface of the metal.***” Increase in concen-
tration of all studied inhibitors resulted in higher polarization,
showing a better inhibition efficiency. Thus, the order of inhi-
bition efficiency of the tested corrosion inhibitors at the

E(V)w. A AgCl

Fig. 1 (a—c) Tafel polarization plots for mild steel corrosion in the
absence and presence of various concentrations of IAB-NP, IAB-ND
and IAB-NF.
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optimum concentration of 0.15 mM follows: IAB-NF (90.89%) >
IAB-ND (85.59%) > IAB-NP (81.13%).

Electrochemical impedance spectroscopy

To gain more insights into the surface properties of the
corroding mild steel and the inhibitor as well as to monitor the
corrosion of mild steel against time, EIS measurements were
carried out. Table 2 contains electrochemical impedance
parameters, including solution resistance (R;), charge transfer
resistance (R,), phase shift (n), double layer capacitance (Cq),
and the inhibition efficiencies (% Elgs) (calculated according to
eqn (2)).

The Nyquist plots and Bode diagrams of mild steel in 1.0 M
HCI without the inhibitors and with the addition of varying
concentrations of IAB-NP, IAB-ND and IAB-NF are represented
in Fig. 2 and 3, respectively. As observed in the Nyquist plots,
single depressed semicircle with its centre under the real axis
indicates that the dissolution of mild steel and hydrogen
evolution in the studied corrosive electrolyte features single
charge transfer process.*® Larger diameter of semicircles asso-
ciated with inhibitor containing solutions in comparison to the
blank is an indication of possible formation of adsorbed film of
the inhibitor molecules on the metal surface.* The corrosion
mechanism of mild steel in 1 M HCI was not altered by the
addition of the inhibitor molecules as revealed by the similar
shape of the Nyquist plots in the absence and presence of the
inhibitors.* The order of R, values is inversely proportional to
the protection efficiencies of the inhibitors.**?

The phase angle modulation with frequency and impedance
for corrosion of mild steel in 1 M HCI without the inhibitors and
in the presence of the respective inhibitors is represented by the
Bode plots (Fig. 3). Bode plots provides vital information about
the inductive, capacitive and resistive behaviours of the system
at different frequencies. The impedance spectra were analysed
using the electrical equivalent circuit represented in Fig. 4, and
a perfect fit for experimental data was obtained and recorded in
Table 2. The pure double-layer capacitor (C4) was replaced in
the Randle's equivalent circuit with the constant phase element
(CPE) to ensure a more accurate fit. Eqn (5) was employed in the
calculations of Cq4 using the values of n and Y,, where the
magnitude of CPE and derivation parameters (—1 < n < 1)
depends on the surface morphology;*>**

Ca=(roR)" 6

were n represents the CPE exponent and Y, is the CPE constant,
respectively.

At intermediate frequencies, an increase in slope for all
studied inhibitors with increasing concentrations is observed
when looking at the linear portion of the Bode impedance
modulus plots (Fig. 3). This is a strong indication that inhibitor
molecules modify the surface of the mild steel as well as
changing the electrochemistry of the surface.?” The values of n
(CPE exponent) is linked to the nature of the interface between
the adsorbed inhibitors on the mild steel (which enables
protection from corrosion) and the corrosive media.** The
values of n in this study (Table 2) are very close to unity, and

RSC Adv., 2019, 9, 29590-29599 | 29593
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Table 1 Electrochemical parameters (+SD) and inhibition efficiencies obtained from potentiodynamic polarization measurements
Inhibitor Conc. (mM) —Ecorr (MV) Ba (mV dec™ ) B. (mV dec™ ) fcorr (LA cm ™ ?) % IEppp
Blank 1.0 445.48 111.22 (£1.02) 116.28 (£1.12) 317.65 (+1.87) —
IAB-NP 0.05 448.25 110.16 (£1.12) 75.41 (£1.34) 128.84 (£1.35) 59.44
0.07 444,06 109.79 (£1.05) 77.37 (£1.22) 104.43 (+1.04) 67.12
0.09 457.71 112.54 (+1.34) 108.44 (+1.46) 95.06 (+1.24) 70.07
0.13 449.20 119.54 (+1.26) 64.86 (£1.05) 81.80 (40.95) 74.25
0.15 443.37 109.32 (£1.12) 79.44 (£0.98) 59.95 (£1.53) 81.13
IAB-ND 0.05 440.70 98.83 (£0.85) 88.40 (+1.24) 108.88 (£1.44) 65.72
0.07 449.41 107.15 (£1.34) 93.74 (£1.76) 92.58 (£1.36) 70.85
0.09 467.16 112.46 (+1.26) 120.13 (£1.65) 69.93 (£0.25) 77.99
0.13 464.65 118.35 (£1.15) 63.88 (£1.15) 61.45 (£1.53) 80.65
0.15 447.79 135.11 (+1.42) 75.14 (£0.75) 45.77 (£1.12) 85.59
IAB-NF 0.05 436.95 111.51 (i1.45) 55.40 (il.32) 136.20 (i1.65) 57.12
0.07 437.83 106.75 (+0.98) 50.71 (£1.25) 61.02 (10.98) 80.79
0.09 430.80 104.20 (£1.32) 54.83 (£0.95) 46.13 (£1.24) 85.48
0.13 427.54 104.63 (£1.52) 50.04 (+1.85) 30.09 (£1.21) 90.53
0.15 433.80 102.85 (£0.75) 47.26 (£0.55) 28.94 (0.65) 90.89

could be inferred that the interface is pseudo-capacitive in
nature. The decrease in the values of Cy; in the presence of IAB-
NP, IAB-ND and IAB-NF, respectively compared to Cq; value for
the blank (Table 2) could be attributed to the adsorption of the
inhibitor molecules on the surface of the metal, thereby
increasing the thickness of the protecting layer at the interface
of the corrosive solution and the mild steel.***” The inhibition
efficiencies from EIS were consistent with that obtained from
PDP studies.

Adsorption isotherms

The experimental data obtained from PDP and EIS analyses
were fitted into different adsorption isotherms including
Langmuir, Temkin, Freundlich and Frumkin to determine the
adsorption mechanism between the molecules of the inhibitors
and the adsorption sites on the metal surfaces.”* The linear

form of the Langmuir adsorption isotherm (eqn (6))** gave
better fits with values of regression coefficients (R?) greater than
0.9 and indicated the possibility of the formation of one
monolayer of the inhibitor on the metal surface:*

Cinh _ 1

— Lin -V 6
0 h Kads ( )

where K,q45 represents the equilibrium constant associated with
adsorption of the inhibitor on the surface of the metal, @ is the
degree of surface coverage and Cj,j, is the inhibitor concentra-
tions. Langmuir plots are presented in Fig. 5 (as obtained from
EIS and PDP techniques), and calculated values of K,qs are
recorded in Table 3. The significant of K,qs values are that
higher values depict better adsorption of the inhibitor mole-
cules resulting in better protection efficiencies. However, devi-
ation from unity of values for slope as obtained for some
experimental methods (Table 3) could be attributed to the

Table 2 EIS parameters (£SD) for corrosion of mild steel in 1.0 M HCl without and with varying concentrations (0.05-0.15 mM) of IAB-NP, |1AB-

ND and IAB-NF

Inhibitor Conc. (mM) R, (Q cm?) R, (Q cm?) Cai (WF em™2) n % IEg;s

Blank 0 1.04 (+0.05) 15.9 (+0.3) 444 0.90 —

IAB-NP 0.05 1.26 (+0.02) 42.6 (£0.4) 289 0.88 62.68
0.07 1.08 (£0.01) 44.8 (+0.2) 301 0.89 64.51
0.09 1.16 (£0.02) 50.2 (£0.2) 268 0.89 68.33
0.13 1.63 (0.03) 63.8 (£0.1) 252 0.88 75.08
0.15 1.60 (0.01) 108.0 (+0.2) 187 0.88 85.28

IAB-ND 0.05 1.08 (+0.02) 32.6 (£0.1) 328 0.89 51.23
0.07 1.52 (£0.01) 51.1 (£0.1) 251 0.88 68.88
0.09 1.36 (+0.03) 90.5 (£0.3) 201 0.88 82.43
0.13 1.21 (£0.03) 94.8 (£0.1) 264 0.88 83.23
0.15 1.66 (+0.02) 127.0 (+0.2) 105 0.89 87.48

IAB-NF 0.05 1.06 (£0.03) 40.2 (£0.1) 331 0.89 60.45
0.07 1.23 (+0.03) 84.2 (+0.1) 262 0.88 81.12
0.09 1.21 (£0.01) 94.8 (£0.3) 264 0.88 83.23
0.13 1.20 (0.02) 156.0 (+0.1) 101 0.90 89.81
0.15 1.35 (£0.02) 167.0 (£0.85) 145 0.88 90.48
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Fig. 2 (a—c) Nyquist plots for mild steel corrosion without the inhib-
itors and in the presence of various concentrations of IAB-NP, IAB-ND
and IAB-NF.

likelihood of large organic molecules attaching to more than
one adsorption site on the metal. Similar observations has been
reported previously.>®*

The standard free energies of adsorption AGgays were calcu-
lated from eqn (7) using values of K, obtained from Langmuir
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Fig.3 Bode plots for mild steel corrosion in the absence and presence
of various concentrations of IAB-NP, IAB-ND and IAB-NF.
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Fig. 4 Randle’s equivalent circuit for fitting EIS spectra.

isotherm, with R and T having their usual meanings and 55.5
represent the molar concentration of water in solution:**

AG4 = —RT In(55.5 Kaqy) (7)

The standard free energy of adsorption enables the deduc-
tion of how spontaneous the protection processes are as well as
the stability of adsorption on the metal.®® The values of
AGY4s ranging between —34.57 to 36.27 kJ mol ' obtained in
this study (Table 3) give a strong indication of a combination of
two processes; transfer or sharing of electron from or between
the inhibitor molecules to the metal surface resulting in the
formation a coordinate type bond, as well as an electrostatic
interaction between the charged molecules of the inhibitors
and the charge surface of the metal. Literature reports classify
range of values of AGgys similar to what we obtained in this
study for mixed-type adsorption (chemisorption and phys-
isorption).*”** However, there is stability of the adsorbed layer
and spontaneity associated with our inhibitors as indicated by
the negative values of AGggs, and the values are closer to
—40 kJ mol ™" indicating that the processes of adsorption was
tending towards chemisorption mechanism.

Surface morphology studies

Mild steel coupons (1 cm? surface area) that were immersed in
1 M HCI in the absence and presence of 0.15 mM IAB-NF for
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Fig. 5 Langmuir adsorption isotherm for mild steel corrosion in 1.0 M
HCl using PDP and EIS methods for various concentrations of IAB-NP,
IAB-ND and IAB-NF.
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Table 3 Langmuir adsorption isotherm parameters of mild steel
corrosion in 1.0 M HCl at 298 K for the utilized inhibitors

Inhibitor Method Kags M) —AG24s (k] mol ™) Slope
IAB-NP PDP 3.09 x 10* 35.59 1.051
EIS 2.67 x 10* 35.23 0.983
IAB-ND PDP 3.76 x 10* 36.07 1.007
EIS 2.05 x 10* 34.57 0.801
IAB-NF PDP 2.75 x 10* 35.29 0.829
EIS 2.73 x 10* 35.28 0.844

24 h were subjected to SEM analysis. Surface morphology of
mild steel in the presence of inhibitors was only examined for
IAB-NF as a representative result since IAB-NF gave the highest
inhibition efficiency at 0.15 mM. The SEM micrographs (Fig. 6)
gave an indication of protective effects of the inhibitor mole-
cules on mild steel surface. Mild steel surface before immersion
(Fig. 6a) exhibits plain surface with minor indention due to
abrasion with emery paper. Gross damage depicted on the
surface of metal coupon immersed in 1.0 M HCI without the
inhibitors is as a result of possible nonstop attack of chloride

View Article Online

Paper

ions from the acid on the metal. The mild steel retrieved from
solution containing 0.15 mM IAB-NF reveals that the surface
damage was not pronounced, hence confirming proper surface
coverage via adsorption and protection by the inhibitors.

DFT study on the inhibitors

Optimized structures, HOMO and LUMO iso-surfaces of the studied
compounds are shown in Fig. 7. The three compounds showed
similar electron density distributions of HOMO and LUMO. The
HOMO electron density is distributed over the two symmetric
phenylhydrazine moieties of the molecules. In all the three mole-
cules, the 9-phenylacridine moiety does not contribute to the
HOMO. For the studied molecules to adsorb on the metal, charge
donation from the inhibitor molecules to the vacant orbitals of the
metals will occur essentially through the phenylhydrazine moieties.
For both IAB-ND and IAB-NF which contain two and one fluorine
atom(s) respectively, the fluorine atoms are also involved in the
HOMO. The LUMO electron density of the molecules, like the
HOMO is also distributed over the phenylhydrazine moieties.
However, unlike the HOMO, the pyridine ring of the acridine is also
involved in the LUMO, suggesting that possible back-donation from

Fig. 6

29596 | RSC Adv., 2019, 9, 29590-29599

(a—c) SEM micrographs of surfaces of mild steel: (a) abraded, (b) in 1.0 M HCL, (c) in the presence of 0.15 M of IAB-NF.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Optimized structures, HOMO and LUMO iso-surfaces of the studied compounds.

occupied orbitals of the metal to the inhibitors will involve the
acridine ring.

Gas and aqueous phases quantum chemical reactivity indices of
the molecules are listed in Table 4. There is no simple direct
correlation between the inhibitive potentials of the molecules and
their calculated reactivity indices. However, both IAB-ND and IAB-
NF with lower Eyymo and AE (in aqueous phase) compared to
IAB-NP showed higher inhibition efficiencies. IAB-ND and IAB-NF
also showed higher electronegativity (x) and lower fraction of elec-
tron donation (AN) than IAB-NP. These observations suggest that
IAB-ND and IAB-NF are more disposed to back-donation than IAB-
NP and this might promote the adsorption of IAB-ND and IAB-NF
molecules onto mild steel surface better than IAB-NP. This might

Table 4 Reactivity indices for the inhibitors

in turn inform higher corrosion inhibition potentials of IAB-ND and
IAB-NF compared to IAB-NP. The relatively high inhibition poten-
tials of IAB-ND and IAB-NF might also be related to favourable
dipole-dipole interactions between their molecules and polarized
steel surface due to high dipole moments of the inhibitor mole-
cules. IAB-NP with the least inhibition efficiency also has the least
dipole moment.

Monte Carlo simulations

The interactions between inhibitor molecules and mild steel
were theoretically modelled using the Monte Carlo simulations
while the mild steel was represented by a cleaved Fe(110)

Inhibitors Enomo (V) Erumo (eV) E (eV) x (eV) AN Dipole moment
Gas phase

IAB-NP —4.748 —4.313 0.435 4.531 0.665 7.371

IAB-ND —5.023 —4.556 0.467 4.790 0.065 11.194

IAB-NF —4.879 —4.417 0.462 4.648 0.373 7.778
Aqueous phase

IAB-NP —5.437 —4.512 0.925 4.975 —0.167 16.165

IAB-ND —5.445 —4.762 0.683 5.103 —0.414 22.851

IAB-NF —5.459 —4.757 0.702 5.108 —0.411 21.042

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Variation of energy terms with optimization steps for the
adsorption systems (a) IAB-NP/Fe(110) and (b) IAB-NP + 100 H,O/
Fe(110).

surface. The simulation was carried out both in the absence and
presence of water molecules. The representative profiles for the
variation of various energy terms involved in the interaction
with optimization step are shown in Fig. 8. The energy profiles
in Fig. 8 revealed that optimization of major energy components
was achieved within the adopted number of optimization steps.
The adsorption of inhibitor molecules on Fe(110) is depicted by

(a)

IAB-NP/Fe(110) IAB-NF/Fe(110)
1615.30kJ/mol Eqgs:—1736.18 K/mol Epgqst =175

IAB-ND/Fe(110)
3kl/mol

Egast

(b)

IAB-NP/100 H,O/Fe(110)
Eqqs: —8089.88 K/mol

F/100 H.0/Fe(110)
—8274.87 kJ/mol

IAB-ND/100 H,0/Fe(110)
Egqs:—8290.37 K/mol

Fig. 9 Equilibrium Monte Carlo configurations of (a) IAB-NP/Fe(110),
IAB-NF/Fe(110) and IAB-ND/Fe(110) and (b) IAB-NP + 100 H,O/
Fe(110), IAB-NF + 100 H,O/Fe(110) and IAB-ND + 100 H,O/Fe(110).
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the images in Fig. 9 both in the absence and presence of 100
molecules of H,O. The results showed that the inhibitor mole-
cules have the tendency of displacing H,O molecules from their
adsorption sites and consequently adsorb on the Fe surface.
The orientation of the inhibitor molecules on Fe(110) surface
appears to depend on the resulting interactions between the
particular inhibitor molecules and the neighbouring H,O
molecules. The values of the adsorption energy (E.qs) showed
that JAB-NF and IAB-ND have higher adsorption capacities than
IAB-NP, which is in agreement with what was observed experi-
mentally and corroborated by DFT study.

Conclusions

The effects of some acridine-based thiosemicarbazones on the
corrosion of mild steel in 1 M HCI solution were investigated
using electrochemical measurements, surface morphology
analyses and theoretical calculations. Based on the results ob-
tained and presented, it can be concluded that:

(1) The acridine-based thiosemicarbazones (IAB-NP, IAB-ND
and IAB-NF) acted as excellent inhibitors for the corrosion of
mild steel, with order of inhibition efficiency: IAB-NF > IAB-ND
> JAB-NP.

(2) Tafel polarization results revealed that the investigated
inhibitors behaved as mixed-type corrosion inhibitors.

(3) The studied inhibitors obeyed the Langmuir adsorption
isotherm, and standard free energies of adsorption suggested
chemisorption and physisorption mechanisms.

(4) SEM analyses show that the inhibitors protect the mild
steel from electrolyte ions attacks by the formation of protective
film at the metal surface.

(5) DFT study suggested that IAB-ND and IAB-NF have higher
tendency for back-bonding with the metal than IAB-NP and this
enhanced their inhibition efficiency.

(6) Monte Carlo simulations revealed that the adsorption of
IAB-ND and IAB-NF molecules on Fe(110) surface is stronger
and more favourable than that of IAB-NP.
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