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Abstract

The inhibition action of a Mannich base, N-(1- morpholinobenzyl) semicarbazide (MBS), was examined on AA6061 corrosion
in 0.5 M HCI solution at varied temperatures (303 to 323 K). The testing was performed by potentiodynamic polarization
(PDP) and electrochemical impedance spectroscopy (EIS) techniques. The inhibition performance of MBS was improved
with an increment in its concentration (0.01-2.56 mM) and temperature rise (303 to 323 K). MBS showed a mixed inhibitor
behavior at all concentrations and temperatures range studied. MBS displayed the highest inhibition efficiency of 98% at
2.56 mM and 323 K. Inhibitor followed mixed adsorption on the alloy surface and obeyed the Langmuir isotherm model.
The results obtained from the EIS were in good agreement with that of the PDP results. An appropriate mechanism was
proposed for the corrosion inhibition of AA6061. Inhibitor molecules adsorption on alloy surface was confirmed by surface
morphology testing by a scanning electron microscope (SEM) and atomic force microscope (AFM). Theoretical studies using

density-functional theory (DFT) confirmed the experimental results.
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1 Introduction

The commercial aluminum alloys belong to the AA6xxx
series are mainly composed of Mg and Si as the major
alloying elements. These Al alloys have widespread appli-
cations in aircraft, automobile, and marine industries due
to their high strength-to-weight ratio, suitable extrusion,
rolling capabilities, and good corrosion resistance [1, 2].
Al alloys have shown good corrosion resistance properties
because they could form a stable oxide barrier of Al,O3 on
the surface when it comes in contact with a neutral solu-
tion or atmosphere [3]. However, the pickling agent like the
hydrochloric acid solution used during their surface treat-
ment can destroy the protective oxide layer, leading to heavy
metal loss. Hence, the excessive dissolution of metal in such
cases can be avoided by adding a suitable inhibitor to the
pickling medium. Although different combating corrosion
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methods are available, adding an appropriate inhibitor to
the corrosive medium is the easiest and most cost-effective
method [4, 5].

In acidic conditions, the most commonly used inhibitors
of corrosion are organic compounds. The most effec-
tive inhibitors are the organic compounds containing het-
eroatoms, electron-donating functional groups, and 7 bonds
[6-8]. There is a need for extensive investigation on the
corrosion of AA6061 and subsequent development of an effi-
cient corrosion inhibitor for AA6061 that can be easily used
and exhibit excellent inhibition performance. Mannich bases
are the beta ketone-carrying compounds that display potent
pharmaceutical activities [9]. Some researchers have used
Mannich bases as efficient corrosion inhibitors for mild steel
[10-14]. However, they have not been investigated for their
corrosion inhibition activity toward Al alloys. In this work,
we aim to exploit a Mannich base, N-(1- morpholinoben-
zyl) semicarbazide (MBS), as an inhibitor for AA6061 in the
presence of 0.5 hydrochloric acid medium at various concen-
trations of inhibitor and different temperatures. The corrosion
inhibitor MBS used in the present work can be easily syn-
thesized. MBS evinced inhibition efficiency as high as 98%
at 2.56 mM concentration and 323 K.
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2 Experimental Procedures
2.1 Material

AA6061 alloy was the material employed in the experimental
work. Its elemental composition in wt. % is Mg (0.82), Si
(0.51), Mn (0.15), Fe (0.68), Cu (0.16), Cr (0.04), and Al
(97.64).

2.2 AA6061 Specimen

A cylindrical specimen of AA6061 was cut from the rod of the
alloy sample. The specimen was embedded in the epoxy resin
by cold setting, leaving 1 cm? of the exposed cut surface. The
exposed surface was abraded with emery papers of various
grades (200 to 1500). Besides, the abraded specimen was
mirror polished on a disk polisher using levigated alumina
as an abrasive material. It was then washed in distilled water,
rinsed in acetone, and finally dried.

2.3 Medium

A solution of 0.5 M HCIl was prepared using distilled
water with an appropriate dilution of 37% analytical grade
hydrochloric acid. It was standardized by the volumetric
method.

2.4 Preparation of Inhibitor

The proposed inhibitor, MBS, was prepared by following
the reported procedure [15]. Semicarbazide hydrochloride
(1.11 g, 10 mM) was dissolved in a minimum amount of dis-
tilled water and added 20 ml ethanol. The solution was then
neutralized with the dropwise addition of concentrated NHj3.
To this, morpholine (0.9 ml, 10 mM) was added dropwise
with stirring. Then, benzaldehyde (1 ml, 10 mM) was also
added dropwise with further stirring. After five min. of con-
tinuous stirring, a colorless solid precipitated was filtered,
dried, and recrystallized with ethanol. Finally, it was char-
acterized by FTIR and NMR spectroscopy. IR spectra were
recorded in the frequency range 4000-400 cm™! using a Shi-
madzu FTIR (8400S) spectrophotometer and KBr. ' H-NMR
spectra of the sample were measured in DMSO-dg using the
NMR spectrophotometer (Bruker 400 MHz). The structural
formula of MBS is shown in Fig. 1.

2.5 Electrochemical Studies

Electrochemical testing was performed with a CH Instru-
ments (CH600D-series, the US model) embedded with beta
software and a three-electrode cell system comprised of a
calomel electrode (as reference electrode), a working elec-
trode of AA6061, and an auxiliary electrode of platinum.

@ Springer

L T T 3
* NH NJ )\\ NH NJ
e
NH HoN N

- —
<

Fig. 1 The structural formula of MBS (Keto and Enol form)

Experiments were performed in a 0.5 M HCI as the corro-
sive medium and freshly abraded AA6061 specimen with an
exposed surface area of 1cm? at different temperatures (303,
313, and 323 K). A calibrated digital thermostat was used to
maintain the temperature accurately within + 0.5 K. Freshly
prepared solutions and freshly abraded specimens were used
in each experiment. Each measurement with three trials was
taken to ensure the reliability and reproducibility of the data.

The AA6061 working electrode was initially allowed to
stand for about 30 min in a 0.5 M HCI to obtain a steady
open circuit potential (OCP) value. Later on, potentiody-
namic polarization was carried out by subjecting the system
to the potential from — 250 mV cathodic to + 250 mV anodic
with 1 mV/s scan rate. Tafel plots were recorded, and PDP
parameters like E.qr (corrosion potential), icorr (corrosion
current density), anodic (8,), and cathodic (8.) Tafel slopes
were noted. EIS measurements were taken by applying a
10mV amplitude AC signal in the 10 kHz—0.01 Hz frequency
range. Impedance data processing was performed using the
Nyquist plots.

2.6 Surface Analysis of AA6061 Specimen

The surface morphology of the AA6061 specimen immersed
in the 0.5 M hydrochloric acid medium without and with
2.56 mM MBS for 3 h. were recorded using an analytical
scanning electron microscope (JEOL JSM-6380L model).
An atomic force microscope (IB342-Innova model) was
employed to record the roughness of the corroded and inhib-
ited surface of the AA6061 specimen.

2.7 Ultraviolet-Visible (UV/Vis) Spectroscopy

UV-Vis spectra of 0.5 M HCI with 0.01 mM of MBS were
initially recorded using an 1800 Shimadzu UV—Visible spec-
trophotometer. Later the absorption spectra of the 0.5 M HCl
solution containing 0.01 mM MBS after immersion of a test
coupon of AA6061 for 1 h were recorded.

2.8 Quantum Chemical Studies

Density-functional theory (DFT) simulation studies were
performed using the B3LYP functions of Schrodinger’s mate-
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rial science suite with a 6-31G + + basis set. 2D and 3D
molecular builders recorded the MBS molecule’s optimized
structure, highest occupied molecular orbital (HOMO),
and lowest unoccupied molecular orbital (LUMO). Vari-
ous parameters like global hardness and softness, ionization
potential, electronegativity, and electron transfer fraction
were calculated.

3 Results and Discussion
3.1 Characterization of MBS

Colorless  crystalline  solid (80%); Ci2H1gN4Og;
m.p. 2161 °C; IR (KBr) [em~!]: 3288 (NH str.), 3028
(Ar. CH str.), 1643 (C=N str.), 1600 (C=0 str.), 1141 (C-O
str.). "H NMR (400 MHz, DMSO-ds) (§ppm): 10.94 (1H,
-N=C-OH), 7.83 (2H, -NH3), 6.7 (1H, -CH), 6.32-7.72
(5H, Ar. H), 6.23 (1H, NH), 3.74 (4H, -O-CH»), 2.5 (4H,
-N-CH)).

3.2 Corrosion Inhibition of AA6061
3.2.1 PDP Studies

The Tafel plots for AA6061 alloy specimen immersed in
0.5 M HCl without and with varying concentrations of MBS
at 313 K are presented in Fig. 2a.

The PDP parameters such as Ecorr, icorr, B¢, and B, were
obtained from these plots. The corrosion rate was computed
as per the equation,

3270 x M x i
-1\ _ corr
CR (mmy ) =T axz ()

In this relation, icor refers to corrosion current density
(mA/cm?), d indicates the density (g/cm?), M is the atomic
mass of corroding material, Z is the number of electrons
transferred [16].

The inhibition efficiency (IE) of MBS was computed from
the relation,

E(%) = Lcorr _ Leorr(inh) % 100 )

Lcorr

where icorr and icor(inn) indicate the corrosion current in the
blank and inhibited solutions, respectively [16].

The PDP results in Table 1 indicate that the alloy’s cor-
rosion current and corrosion rate in the inhibited solution
have decreased with rising MBS concentration, increasing
IE. However, IE of MBS was found to decrease with a rise in
temperature up to 0.64 mM concentration of MBS. However,
from 2 mM MBS, IE increases with temperature (Fig. 2b).

It may be due to the physisorption of MBS at its lower con-
centrations and chemisorption at higher concentrations with
arise in temperature [17]. The maximum /E of 96.42% was
observed for 2.56 mM MBS at 323 K.

In the Tafel plot (Fig. 2a), the anodic curve corresponds
to metal oxidation, whereas the cathodic curve corresponds
to the hydrogen evolution reaction. There are two inflections
in the anodic curve, which may be due to the kinetic bar-
rier effect. This may arise either due to pore formation in
the passivation layer or due to its breakage. Consequently,
a considerable change in the Tafel anodic slope (8,) was
observed due to the existence of passivation in the potential
range of — 0.7 Vto — 0.6 V [18]. It is clear from Table 1 that
there is no considerable variation in the cathodic Tafel slope
(B¢) in the inhibited medium. This indicates that the addition
of MBS to the acid medium increased the energy barrier of
the cathodic reaction, leading to a considerable reduction in
hydrogen evolution reaction. Besides, the presence of MBS
did not alter the inhibition mechanism [19, 20].

It is evident from Table 1 that the corrosion potential
observed in the presence of MBS has not altered significantly.
As per Lietal. [21], if the shift in E¢or value in the inhibited
solution is more than 85 mV than in the blank solution, the
inhibitor employed belongs to either cathodic or anodic type.
In this work, the increase in E.o value obtained for MBS
is less than 85 mV, suggesting the mixed inhibitor behav-
ior of MBS and hence controls both the anode and cathode
reactions.

3.2.2 EIS studies

The Nyquist plot for AA6061 corrosion in blank and inhab-
ited solutions at 313 K is depicted in Fig. 3a. Under other
temperatures tested, similar plots have been obtained. As per
Fig. 3a, impedance plots obtained were semicircular, reveal-
ing that corrosion is a process regulated by charge transfer
[22]. The literature has reported similar impedance plots for
inhibiting AA6061 corrosion in HCl medium [23]. Figure 3a
shows a depressed capacitive loop in the higher frequency
region and an inductive loop in the lower frequency region.
This behavior is known as frequency dispersion which arises
due to the alloy surface’s inhomogeneities [24].

As per the literature [25], an exponential factor acts as
a deviation parameter from the impedance function’s ideal
behavior. Thus, one capacitor in the equivalence circuit could
be replaced by CPE (constant phase element). CPE is an
element dependant on the frequency and is surface-related.

The impedance function of CPE is given by,

Zepe = (A(iw)™)™! A3

A is the proportionality coefficient related to both the sur-
face and electroactive species. The n value (— 1<n <1)
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Fig. 2 a Tafel plot for AA6061 corrosion in blank and inhibited solution at 313 K and b variation of IE (%) with temperature

Table 1 PDP results for AA6061 in the blank and inhibited medium at different temperatures

Temp. (K) Conc. Of MBS (mM) Ecorr (V vs SCE) Leorr (mA/cmz) CR (mmy_l) Ba (V dec™) Be (V dec™1) 1E (%)
303 0.0 — 0.698 2.365 25.86 6.058 6.789 -
0.01 —0.726 0.7008 7.663 9.124 6.766 70.36
0.04 —0.727 0.5544 6.063 9.251 6.971 76.56
0.16 —0.761 0.3174 3.472 22.846 6.279 86.58
0.64 —0.748 0.2394 2.619 16.362 7.490 89.88
2.00 —0.762 0.1822 1.992 22.014 7.253 92.29
2.56 —0.750 0.1473 1.610 18.524 7.436 93.77
313 0.0 —0.713 3.782 41.35 5.442 6.040 -
0.01 —0.719 1.669 18.25 6.033 6.371 55.86
0.04 —0.718 1.514 16.56 5.584 6.289 59.97
0.16 —0.733 1.050 11.48 7.472 6.464 72.23
0.64 —0.763 0.3986 4.359 17.376 6.302 89.46
2.00 —0.756 0.2835 3.101 13.217 7.226 92.50
2.56 —0.758 0.1931 2.112 14.276 7.074 94.89
323 0.0 —0.727 14.68 160.6 4.653 4.007 -
0.01 —0.734 8.606 94.11 4911 4.759 41.38
0.04 —0.733 6.112 66.85 4.774 4.472 58.36
0.16 —0.737 5.565 60.86 4.814 4.060 62.09
0.64 —0.738 2.303 25.18 5.479 6.445 84.30
2.00 —0.748 0.7391 8.082 7.538 7.051 94.96
2.56 —0.748 0.5247 5.738 7.855 7.305 96.42

depends on surface morphology, and w indicates the angular
frequency. At the same time, i is an imaginary number [26].

Cg (double-layer capacitance) value was computed using
the relationship:

1

Car=5——F—
27 Rp fmax

“

@ Springer

where. fmax indicates the Nyquist plot’s frequency at which
the imaginary part of the impedance is maximum [27].

An oxide layer formation and charge transfer could cause
the high-frequency region’s capacitive loop during the cor-
rosion process. The oxide film formed could be considered
as the capacitor’s parallel circuit due to dielectric properties
and resistors due to the oxide film’s ionic conductance [28].
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Fig.3 a Nyquist plot for AA6061 corrosion in blank and inhibited solution at 313 K, and b stimulated plot and the fitment circuit of equivalence

As per Brett [29], interfacial reactions lead to a capaci-
tive loop. Interfacial reactions involve the formation of the
Al* ions at the Al/oxide interface. They subsequently get
diffused through the oxide/electrolyte interface and finally
oxidized to AI** ions along with the formation of OH™ or
02~ ions. The three processes can be represented in one loop
due to loop overlap or dominance of any one process. The
inductive loop in the low-frequency region could be caused
by bulk or surface relaxation processes occurring at oxide
layer [30]. Hence, this could be related to the adsorption of
charged inhibitor species onto the oxide layer. It may also
contribute to an increase in the inductive loop’s diameter
with the increase in inhibitor concentration, which indicates
an increase in resistance toward the corrosive attack on the
alloy surface due to the adsorption of MBS [31].

A suitable equivalent circuit comprising nine elements
was obtained using Zwimp software (version 3.21) to find
the best match for the impedance plots. Figure 3b represents
the stimulating fitment plot. The corresponding equivalent
circuit depicted in Fig. 3b comprises elements such as R.;
(charge transfer resistance), R (solution resistance), Q (con-
stant phase element), Ry and L (inductive components), C;
and C» (capacitors), and R;, Rz, Ry, R (resistors). In this
case, Q is parallel to C; and C», whereas Ry, is parallel to L.
For the circuit fitment, R, (polarization resistance) and Cg
(double-layer capacitance) are computed from Eg. (4) and
(5), respectively.

Ry, =Ri+Ry+ R + R 5)

Cu=Ci+(C, (6)

Since the R, value varies inversely as the icor; value, IE of
MBS can be computed from the equation:

R, nh— R
[E(%) = —Pi=Tp
R p(inh)

100 @)

Rp(inhy indicates the inhibited solution’s polarization resis-
tance while Rp is in the blank solution [25].

Inhibition efficiency values computed from the impedance
data are listed in Table 2. We can infer from Table 2 that
the R, values increased as the MBS concentration increases.
But the R, values decreased with rising in temperature up
to 0.64 mM MBS. From 2.00 mM MBS concentration, the
R, value increased with temperature, indicating a decrease in
the value of i¢orr. The increase in R, value with MBS concen-
tration is mainly due to increased resistance to electron flow
by the adsorbed inhibitor film on the alloy surface. The Cy
value decreased with a rise in MBS concentration because
there was an increase in the double-layer thickness at the
alloy/solution interface [32]. Apart from this, the decrease in
Cg; values may also be due to replacing water molecules on
alloy surfaces with MBS molecules [31].

3.2.3 Effect of Temperature

The influence of temperature on the adsorption behavior of
inhibitors helps to obtain thermodynamic parameters such
as E, (activation energy), AH, (enthalpy of activation), and
AS, (entropy of activation). It is evident from Table 1 that up
to 0.64 mM MBS, there is a decrease in IE with rising temper-
ature, which could be due to the shorter time lag between the

@ Springer
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Table 2 EIS results for AA6061

in the blank and inhibited Temp. (K) Conc. of MBS (mM) R, (Q cm?) Ca (WFem™2) IE (%)

medium at different 303 Blank 538 118 _

temperatures
0.01 143 343 62.46
0.04 161 29.7 66.66
0.16 212 17.7 74.62
0.64 297 10.2 81.87
2.00 361 9.63 85.11
2.56 400 6.07 86.56

313 Blank 34.1 210 -
0.01 70.5 101 51.63
0.04 94.6 65.9 63.94
0.16 132 44.9 74.23
0.64 283 17.7 87.94
2.00 480 9.23 92.89
2.56 748 5.71 95.32
323 Blank 12.8 772 -

0.01 217 2980 40.99
0.04 29.8 2200 57.01
0.16 34.0 1310 62.40
0.64 104 197 87.74
2.00 999 8.15 98.71
2.56 1340 5.83 98.92

adsorption and desorption of MBS molecules from the alloy
surface. This indicates the physisorption of MBS occurring
on the alloy surface up to 0.64 mM [33]. However, there is
an increase in IE with temperature from 2 mM MBS, which
shows stronger chemisorption of MBS.

The energy of activation (E,) can be obtained by using
Arrhenius law as per the equation:

In(CR) = B — Lo ®)
MER) =B = o

In this equation, B is the Arrhenius constant, R is the uni-
versal gas constant (8.314 JK~'mol~!), and T is the absolute
temperature [34].

Figure 4a represents the Arrhenius plot for AA6061 in
0.5 M HCI without and with MBS. This plot [In (CR) vs.
1/T] shows a straight line with a slope equal to (— E,/R).
The E, values for both blank and inhibited solutions were
obtained from the slope.

AH, and AS, values have computed by using the transi-
tion state theory equation as given below:

cr RT AS, AH, )
= wn TP\UTR ) P\ kT

where £ is the Planck’s constant and N is the Avogadro’s
number [35].

Springer

In(CR/T) against 1/T graph for AA6061 in the blank
and inhibited solutions at varying temperatures is depicted
in Fig. 4b. The obtained straight-line graph gives the slope
equal to - AH ,/R and the intercept equal to In(R/Nh) + AS,/R.
In Table 3, activation parameters for AA6061 in blank and
inhibited solutions at different temperatures have been listed.

The E, value (Table 3) in the blank solution was less than
the corresponding values for inhibited solution. The higher
E, value in the inhibited solution showed a greater energy
barrier for corrosion, blocking the transfer of charges on the
alloy surface and controls corrosion [36]. It reveals the phys-
ical adsorption of MBS (up to 0.64 mM) on the alloy surface.
The lower E, values at 2.00 and 2.56 mM MBS in the inhib-
ited medium compared to the blank solution indicate MBS’s
chemisorption on the alloy surface [37]. The positive AH,
values indicate the endothermic nature of the dissolution of
alloy in an acid medium. The positive value of AS, suggests
that as the reactants progress to the activated complex state
on the metal/solution interface, an increase in disordering
occurs, which drives the adsorption process [38].

3.2.4 Adsorption Isotherm

Generally, organic inhibitors control the corrosion of metals
in an aggressive medium through the adsorption process. In
such cases, it is important to known the type of adsorption
isotherm model followed. For this, the degree of surface cov-
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Fig.4 a Arrhenius plot and b plot of In(CR/T) Vs. 1/T for AA6061 at different temperatures in blank and inhibited medium

Table 3 Activation parameters for AA6061 in the blank and inhibited
medium

Conc. of MBS  E, (klmol™!)  AH, AS,

(mM) (kJmol~1) (Imol~'K~1)
0 73.89 71.29 16.17

0.01 94.50 90.05 80.00

0.04 97.45 94.85 82.52

0.16 116.27 113.67 139.85

0.64 91.51 88.91 54.81

2.00 50.73 48.13 —80.02
2.56 51.36 48.76 —81.01

erage (0) values of inhibitor at varying concentrations must
be known, and it can be calculated using the equation:

IE

0=— 10
100 (19)

The values of 6 obtained were fitted with adsorption
isotherm models such as Langmuir, Temkin, and Freundlich.
The best fit was obtained for isotherm adsorption of Lang-
muir. According to the Langmuir adsorption model, 6 can be
related to the concentration of MBS (Cjyn) as per the equa-
tion:

Cinh 1

(11)
0 Kags

+ Cinh

In this relation, K,q4s indicates the equilibrium constant for
adsorption (Lmol~1), and Cinn) indicates MBS concentra-
tion [39]. Figure Sa depicts the Langmuir adsorption isotherm
plot (Cinn/6 Vs. Cinn) for MBS adsorption on AA6061 in
0.5 M HCI at varied temperatures. A straight-line graph was
obtained having an intercept value equal to 1/K »45. The slope
and linear regression coefficient obtained are close to unity,

which indicates that the Langmuir isotherm model is fol-
lowed [40]. The value of AG°yqs (standard free energy of
adsorption) was determined from the known K45 (Equilib-
rium constant for adsorption) value using the equation:

I [—AG®
K — ads
ads 55.56( RT )

The solution’s water concentration is 55.5 mol/L, T indi-
cates the temperature, and R refers to the universal gas
constant [41].

The AG°®,qs value is related to the AH,q4s (enthalpy of
adsorption), and AS°,qs (entropy of adsorption) values as
per the relation:

12)

AGY = AHY — TASY, (13)

By the plot, AG®,4s vs. T, a straight-line graph (Fig. 5b)
obtained with slope and regression coefficient values closer to
unity (Table 4) indicates a good correlation between the dif-
ferent thermodynamic parameters. The AS®,qs and AH®yq4s
values are obtained, respectively, from the slope and intercept
value. All the thermodynamic results obtained from Fig. 5 are
tabulated in Table 4.

In general, the value of AG®,4s less than or equal to
—20 kJmol~! indicates the interaction of the charged
inhibitor species with the metal surface, resulting in
physisorption. On the other hand, the value of AG°,45 equal
to or greater than —40 kJmol ! indicates the charge transfer
from inhibitor to the metal surface, resulting in chemisorp-
tion [42]. From Table 4, it is evident that AG°,qs value for
MBS adsorption on the alloy surface at different tempera-
tures is greater than —20 kJmol~!, and it is also approaching
40 kJmol~!. Thus, MBS’s followed mixed adsorption, i.e.,
both physisorption and chemisorption. The negative sign of

@ Springer
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Table 4 The adsorption . >
parameters for MBS Temp. (K) Kags (Lmol™")  slope R AG 445 1 AH 445 AS qds
(kJmol 1) (kJmol™1) (kJmol~'K—1)
303 70,549.72 1.0728 0.9998 —40.76
313 27,342.35 1.0070  0.9982 —38.62 —99.72 — 0.1948
323 16,537.37 0.9787 09983 —36.87

AGP®ads values indicated the spontaneous adsorption of MBS
on the alloy’s surface.

In exothermic adsorption (AH®ys <0), the adsorption
type may be physisorption, chemisorption, or mixed-type.
As per the literature, AH®qs value for physisorption is
lower than —41.86 kJmol~!, and for chemisorption, it must
approach —100 kJmol~! [43]. The estimated value of AH g,
in the present work (Table 4) is —99.72 kJmol™!, almost
closer to —100 kJmol~!. It indicates that MBS molecules
preferably undergo chemisorption on the alloy surface. It is
also supported by the fact that IE of MBS increased with
rising temperature, particularly above 2 mM concentration
of MBS, as explained earlier. The value of AS°qs is nega-
tive, which indicates that inhibition results in a decrease in
disorder [44].

3.2.5 Mechanism of Inhibition for AA6061 Corrosion

The following mechanism for Al corrosion in the hydrochlo-
ric acid media has been suggested [45].

At anode,
Al + ClI™ SAICI (14)
AICL, +Cl™ — AICI} + 3¢ (15)
At cathode,
H* + e~ — Hags (16)

@ Springer

Hags + Hags — Ho an

Most of the organic compounds prevent metals/alloy cor-
rosion by surface adsorption. It can be possible through
physisorption, chemisorption, or both types of adsorption
of inhibitor molecules. As explained earlier, it is evident
that MBS controls the deterioration of AA6061 in 0.5 HCI
through a mixed adsorption mechanism based on the values
of AG®yqs.

The alloy surface acquires a positive charge in an acidic
environment because the pHzcy, value (i.e., the pH value cor-
responding to zero charge potential) for Alis 9.1. Hence, the
chloride ions with a negative charge are adsorbed first on the
positively charged alloy surface by the electrostatic forces of
attraction (Fig. 6). MBS can easily protonate at the amine
nitrogen in the acidic medium, and the protonated species
formed, [MBS-H, ]**, can electrostatically adsorb on the neg-
atively charged alloy leading to physisorption (Fig. 6). In
the neutral MBS molecules (Enol/Keto form), wt-orbitals of
the benzene ring and lone pair electrons of nitrogen/oxygen
atoms can lead to coordinate bond formation [46]. It consists
of the donation of electrons into the vacant p-orbitals of alu-
minum. This bond formation is responsible for the observed
chemisorption (Fig. 6). The presence of heteroatoms (N,
0), aromatic ring, and electron-releasing groups (-NH; and
—OH) in the MBS molecule are responsible for its stronger
adsorption and higher inhibition activity.
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Fig.6 Schematic illustration for
corrosion inhibition mechanism
of MBS
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Fig.8 AFM images of AA6061 specimen dipped in a 0.5 M HCl and b (0.5 M HCl + 2.56 mM MBS)
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Table5 AFM data for AA6061 specimen dipped in 0.5 M HCI and
(0.5 M HCI + 2.56 mM MBS)

Specimen Medium R, Ry

0.5 M HCI1 88.3 114
0.5 M HCI + 2.56 mM MBS 47.9 51.6

AA6061 alloy

@ —9— 0.5MHCI+0.01 mM MBS
/\ —@—0.5M HCI + 0.01 mM MBS + AA6061 specimen
o

Absorbance (a.u)

T T 1
200 300 400 500
A (nm)

Fig.9 Absorption spectra of 0.01 mM MBS in 0.5 M HCI before and
after immersion of AA6061 coupon

3.2.6 Surface morphology Studies

SEM images of AA6061 specimen immersed in the blank
(0.5MHCI) and inhibited medium (0.5 M HCI + 2.56 mM
MBS) are given in Fig. 7 a and b. In 0.5 M HCI, the alloy
surface was damaged, and many pits can be seen on the sur-
face due to the acid’s strong corrosive activity. However, the
specimen exposed to the inhibited medium (Fig. 7b) showed

fewer pits and reduced surface roughness. It may be due to the
MBS adsorption on the alloy’s surface, forming a protective
film.

The atomic force microscopy images of AA6061 spec-
imen immersed in the blank (0.5 M HCI) and inhibited
solutions (0.5 M HCI + 2.56 mM MBS) have displayed in
Fig. 8a and b, respectively. Table 5 displays the average sur-
face roughness (R,) and root mean square roughness (R)
values of the corroded and inhibited alloy specimen. It is
evident from these results that the inhibited alloy specimen’s
surface roughness was drastically reduced compared to that
of the corroded alloy specimen. Thus, the reduced roughness
of the inhibited specimen surface is due to the adsorption of
MBS on the alloy. As a consequence, the AA6061 is secured
against corrosion.

3.2.7 Analysis of UV-Visible Absorption Spectra

UV-Visible spectra can be a helpful tool to confirm the
adsorption of MBS on the alloy surface. The UV-Vis spectra
of 0.01 mM MBS in a 0.5 M HCI recorded at room tem-
perature showed two absorption peaks at 226 and 256 nm
(Fig. 9), corresponding to m — 7* and n — * transition,
respectively. Further, AA6061 alloy was immersed in the
0.5 M HCI solution containing 0.01 mM MBS for one h,
and the medium’s UV-Vis spectra were recorded. This time
the spectra retained the same two peaks but with reduced
intensity. The reduction in intensity supports the adsorption
of MBS on the alloy surface.

3.2.8 Theoretical Studies

To understand the structure—activity relation between the
inhibitor (MBS) and its inhibition efficiency, quantum chem-
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Table 6 Mullikan charges on atoms in Keto and enol form of MBS
molecule

Atoms Mullikan charges on MBS
Keto Enol
form form

c9 —0.0379 —0.0417
C13 —0.0422 —0.0327
Cl4 —0.1508 —0.1315
C15 — 0.0887 — 0.0895
Cl6 —0.1047 —0.1074
C17 — 0.0876 —0.0882
C18 —0.1274 —0.1263
N2 —0.4361 — 0.3656
N3 — 0.6355 —0.6092
N5 —0.3513 —0.4289
N7 —0.4751 —0.4752
O11 —0.4862 —0.4839
Cl1 0.0712 0.3972
Co 0.1968 0.2403
C8 0.0367 0.0216
C10 0.0515 0.0557
C12 0.0596 0.0530
04 — 0.4998 — 0.5401

ical calculations have been performed. The electron-donating
tendency of an organic molecule and its interaction with
the metal surface is the primary reason for the corrosion

inhibition property. The effect of these parameters on the
inhibition efficiency has been proved with DFT calcula-
tions. The MBS frontier molecular orbital energies (Egomo
and Erumo), energy gap (Eg), and Mullikan charges on
atoms were obtained. Mullikan charges detect the desir-
able adsorption sites on the inhibitor molecule and establish
an electron donor—acceptor relation between the inhibitor
molecule—-metal surface. In this case, the MBS inhibitor
exhibits keto—enol tautomerism. Figure 10a and b shows the
Mullikan charges on atoms in keto and enol form of MBS
molecule. Heteroatoms in MBS with more negative Mul-
likan charges (Table 6) are considered favorable candidates
for the donor—acceptor property. A higher negative charge
was found in the keto form on the oxygen of C=0 (— 0.50)
and nitrogen of NH; (— 0.64) group. For MBS’s enol form,
a higher negative charge was found on the oxygen of OH
(— 0.54) and nitrogen of NH, (— 0.61) group. These higher
negative charge centers act as adsorption sites on the MBS
molecule leading to its stronger adsorption, which resists the
corrosion of AA6061 alloy. The optimized structures of keto
and enol form of MBS inhibitor and their HOMO and LUMO
orbitals are shown in Fig. 11.

The quantum chemical parameters have been computed
using the following relations [47, 48].

Exomo is related to I, whereas Erymo to A, as follows:

I = —Egomo (18)

A = —Erumo (19)
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Table 7 DFT parameters for Keto and Enol form of MBS

Property of MBS Keto form Enol form

Exomo —5.9938eV  —6.0597 eV
Erumo —04128eV —0.2892eV
Bandgap (E,) 5.5810 eV 5.7705 eV
ITonization potential (I) 5.9938 eV 6.0597 eV
Electron affinity (A) 0.4128 eV 0.2892 eV
Electronegativity () 3.2033 eV 3.1744 eV
Global hardness (1) 2.7905 eV 2.8852eV
Global softness (o) 0.3583 0.3466

Fraction of electron transferred (AN) 0.1929 0.1916

The electronegativity (x ) and the hardness (1) values have
been obtained using Eg. (20) and (21), respectively.

I+A

xX=— (20)
I—A

=5 (21)

The number of electrons transferred (AN) has computed
from Eg. (22):

AN — _KXALT XMBS

— XALT XMBS 22)
2(na1 + 7MBS)

where x a1 and xwmBs indicate the electronegativity of Al
and MBS, respectively, while n4; and nmps represent the
hardness of Al and MBS, respectively.

The softness value was obtained as per the relation,

(23)

1
o ==
n

The various quantum parameters obtained from DFT for
the keto and enol form of MBS are listed in Table 7.

Generally, the corrosion process takes place via the phys-
ical or chemical adsorption of inhibitor molecules. Physical
adsorption involves the electrostatic interaction of charged
metal surface and charged inhibitor species in the medium.
Chemical adsorption occurs by the transfer of electrons from
the inhibitor molecule to the vacant orbitals of the metal with
low energy. The AG°,qs values (Table 4) indicated the mixed
adsorption of MBS molecules. The increase in IE with tem-
perature (Table 1) and the AH 45 values (Table 4) suggests
that MBS significantly underwent chemisorption. The reac-
tivity shown by the inhibitor can be suitably related to its
Enomo and Epymo values. It is clear from Fig. 11 a—f that
the density distribution on HOMO and LUMO in keto and
enol forms of MBS are similar. The density distributions on
HOMO focused around the morpholine ring. However, the
LUMO’s density distributions were mainly around the ben-
zene ring. As reported earlier, inhibitor with higher Eqomo

Springer

values shows a greater tendency to donate electrons to the
metal, whereas a higher E1 ymo value accepts electrons from
the metal [49]. MBS’s keto form showed a higher Eomo and
lower Er ymo value (Table 7) than the enol form. It reveals
that MBS’s keto form can donate electrons to the Al metal,
and the enol form accepts electrons from Al metal. Thus,
the unoccupied d-orbital of the Al atom can accept electrons
from the keto form of MBS, leading to a coordinate bond. In
addition, the enol form of MBS can take electrons from the
Al atom with its antibonding orbitals to form a back-donating
bond.

Itis clear from Mullikan charges on atoms of keto and enol
form of MBS (Table 6) that nitrogen and oxygen atoms are
the probable active sites for MBS adsorption on the Al-alloy
surface. In the present work, Fukui indices values for MBS
are not given because the other quantum chemical param-
eters calculated have provided conclusive results on MBS
inhibition activity. The parameters such as global hardness
and softness give information on the reactivity of inhibitor
molecules. A molecule with a low Eg value is more polar-
izable and exhibits high chemical reactivity and low kinetic
stability, and is said to be a soft molecule [50]. As reported,
inhibitor molecules with the highest global softness and low-
est global hardness provide better adsorption onto a metallic
surface [51]. Hence, keto MBS with a lower Eg value, higher
softness, and lower hardness than enol MBS were expected
to show better reactivity and adsorption onto the Al-alloy
surface (Table 7).

3.2.9 Comparison of Inhibition Performance with Other
Reported Inhibitors for AA6061

The inhibition efficiency of MBS has been compared with
other reported corrosion inhibitors of AA6061 in HCl
medium. It is clear from Table 8 that the inhibitor used in
the present work, MBS, has shown the highest inhibition
efficiency compared to other reported ones.

4 Conclusion

e MBS behaves as an effective acid corrosion inhibitor of
AA6061 alloy.

e The inhibition efficiency of MBS was found to improve
with its concentration.

o Inhibition efficiency has declined with an increase in tem-
perature up to 0.64 mM concentration of MBS. However,
it has been improved with a rise in temperature in the pres-
ence of 2 and 2.56 mM MBS.

e The maximum efficiency of 98.92% was observed by the
EIS method at 2.56 mM MBS and 323 K.

e MBS was an inhibitor of mixed-type.
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Table 8 A comparison of inhibition performance of MBS with other reported inhibitors
Inhibitors Medium (Inh. Conc. and temp.)  Maximum IE (%) Remarks, if any References
WL  PDP EIS
N, N’-bis (Salicylidene)-1, 1 M HCI (at 500 ppm and 303 K) 87 - - IE decreases with rise in [52]
4-Diaminophenelyne temperature (303 K)
N, N’-bis (3-Methoxy 1 M HCI (at 500 ppm and 303 K) 94 - -
Salicylidene)-1, 4 Diamino
phenelyne
N, N’-bis (Salicylidene)-1, 1 M HCI (at 100 ppm & 303 K) 75 742  73.9 IE decreases with increase in [53]
4-Diaminobutane temp (303-323 K)
N, N’-bis (3-Methoxy 1 M HCI (at 100 ppm & 303 K) 79 78.6  78.1
Salicylidene)-1, 4
Diaminobutane
Starch 0.1 M HCI (at 800 ppm and - 63.44 62.89 IE increases with increase in [23]
323 K) temp (303-323 K)
Dextran I1MHCl(at0.4 g L' &303K) - 74.6 779  IE decreases with increase in [54]
temp (303-323 K)
Ethyl-2-amino-4-methyl-1,3- 0.05 M HCI (at 100 ppm and 92.74 92.56 92.77 1IE increases with increase in [55]
thiazole-5-carboxylate 333 K) temp (303-333 K)
5-(3-Pryridyl)-4H-1,2,4-triazole- 0.1 M HCI (at 40 ppm and 919 942 941 IE increases with increase in [56]
3-thiol 333 K) temp (303-333 K)
1-butyl-3- methylimidazolium 1 M HCI (at 4 mM and 303 K) 98.2 98.0 98.4 IE decreases with increase in [57]
thiocyanate temp (303-363 K)
Glutathione (reduced) 0.5 M HCl (at 0.7 mM and 87.8 889 - IE decreases with increase in [33]
303 K) temp (303-333 K)
Cysteine 0.5 M HCI (at 0.7 mM and - 74.6  72.18 IE decreases with increase in [58]
303 K) temp (303-333 K)
MBS 0.5 M HCI (at 2.56 mM and - 96.42 98.92 IE increases with increase in Present work
323 K) temp (303-323 K)

e MBS adsorption on the alloy surface occurred by both
physisorption and chemisorption. Adsorption isotherm has
obeyed the Langmuir isotherm model.

e The theoretical method by DFT validated the good inhibi-
tion performance evinced by MBS through electrochemi-
cal methods
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