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Abstract

This research deals with the inhibition activity of glutathione in 0.5 M HCI on the corrosion behavior of 6061AI-SiC,
composite. Glutathione is an eco-friendly water-soluble inhibitor. Polarization results reveal the cathodic inhibitor behavior
of glutathione (Gt). The inhibition performance of Gt increases by increasing its concentration and lowering the medium
temperature. The decrease in the corrosion current density and increase in inhibition efficiency on increasing Gt concentra-
tion reveal the attenuation of composite corrosion. Experimental results indicate the mixed adsorption with predominantly
physisorption of Gt molecules adsorption on the composite surface following Langmuir adsorption isotherm. The imped-
ance measurements indicate the rise in polarization resistance with an increase in Gt concentration, showing the control
of composite corrosion. The surface analysis of the corroded and inhibited composite samples using a scanning electron
microscope and atomic force microscope supports Gt molecules’ adsorption. The quantum chemical calculations confirm

the conclusions of the experimental studies.
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Introduction

The deterioration of materials (such as metals, alloys, and
composites) through chemical or electrochemical interaction
with the environment is known as corrosion. It mainly results
in adverse effects such as loss of materials, plant shutdown
that leads to production loss, increased maintenance cost,
oil leakage due to pipeline breakage, contamination of prod-
ucts because of metal leaching, and environmental pollution
[1]. The estimated cost of corrosion worldwide is increasing
drastically, indicating the significance of corrosion control
in conserving the world’s material resources. Metal matrix
composites (MMCs) are novel structural materials because
of their lightweight, environmental resistance, and favorable
mechanical properties. MMCs composed of two phases, the
matrix phase and the dispersed phase. Aluminum alloys are
the commonly used metal matrix materials reinforced with
various particulate or fiber materials [2]. In 6061Al1-SiC
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composite, 6061Al alloy is the matrix phase, reinforced with
SiC particulate. These composites with high specific
strength, ideal for vehicles, aircraft, and military applica-
tions [3]. Adding ceramic particles, short fibers, and whisk-
ers to aluminum alloys improves tribological characteristics
significantly. A metal matrix alloy is usually less prone to
corrosion than the corresponding MMC. The presence of
reinforcing particles or fibers causes in-homogeneities on
surfaces exposed to aggressive environments. It becomes
significant in MMCs made of aluminum alloy matrix and
semiconductor-type reinforcing materials such as silicon
carbide. In such cases, the galvanic cell formation promotes
the corrosion of the metal matrix [4]. The HCI solution is
widely used in the automobile and aero industry pickling
processes, where the excessive degradation of the materials
should be adequately controlled.

Thus, the corrosion of MMCs such as 6061A1-SiC(p)
composite in an aggressive medium like hydrochloric acid
solution can be best controlled using a suitable inhibitor.
Combating corrosion by the addition of inhibitors is the easi-
est and simplest method. As per the literature, organic com-
pounds with heteroatoms and conjugate double bonds act as
effective inhibitors to combat the corrosion of many metals
[5, 6]. Amino acids are employed as environment-friendly

@ Springer


http://orcid.org/0000-0003-3023-7263
http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-022-05315-7&domain=pdf

256

Journal of Solid State Electrochemistry (2023) 27:255-270

inhibitors to combat many metals’ deterioration [7]. Glu-
tathione is an amino acid derivative containing multiple
heteroatoms (sulfur, oxygen, and nitrogen), polar groups
(—CO,-NH,, —OH), and conjugated double bonds in their
structures (Fig. 1), expected to show good inhibition activ-
ity. It is a non-toxic material readily soluble in an aqueous
medium. Glutathione exhibited a good inhibition efficiency
towards copper [8] and AA6061 [9] in the hydrochloric acid
medium. This paper demonstrates the inhibition behavior of
an eco-friendly inhibitor, glutathione, on the attenuation of
6061 Al- SiC ) composite corrosion in a 0.5 M HCl solu-
tion. The surface morphology of corroded and inhibited
composite specimens was analyzed. UV—visible and FTIR
spectral analysis supported the adsorption of Gt molecules
on the composite surface. Experimental results were com-
pared with the results of the theoretical calculations.

Materials and methods
Materials

The specimen employed in the present work is 6061A1-15%
) SiC, composite (hereafter referred to as Al alloy-SiC).
Its elemental composition is mentioned in Table 1.

The specimen was obtained by cutting a cylindrical rod
of the material, and then, it was embedded in an epoxy resin,
exposing the surface area of 1 cm?. The specimen’s exposed
surface was abraded using different grades (200-1000) of
emery paper and finally on a disc polisher. Then, the sam-
ple was washed thoroughly with water, acetone rinsed, and
finally dried. The corrosive medium used in this study is
0.5 M HCI, prepared using 35% HCI (analar grade) and
standardized volumetrically. Glutathione (Merck) is the
inhibitor. Figure 1 depicts the structure of glutathione (Gt).

Electrochemical studies

The experimental studies were performed using a CH instru-
ment (604D series USA model with beta software). The
study was done at four different temperatures (303, 313,
323, and 333 K) using a cell system comprising an auxil-
iary electrode of platinum, a reference electrode of saturated

SH

H
N
HO : N OH

Z

Fig. 1 The structure of glutathione (Gt)
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Table 1 The composition of Al alloy-SiC composite

Elements Mg Si Cu Cr Al

Composition (wt.%) 0.60 1.0 0.02 0.01 98.37

calomel, and a working electrode of an Al alloy-SiC com-
posite specimen. Initially, the cell system was immersed
in a 100 ml of 0.5 M HCI solution contained in a beaker
and connected to the CH instrument. The setup is kept for
about 1 h to attain the steady-state condition, and then, the
open circuit potential (OCP) is recorded. First, the electro-
chemical impedance studies (EIS) were performed in the
frequency range, 10 kHz—0.01 Hz, under an applied AC sig-
nal of 10 mV amplitude by varying the concentration of Gt.
The potentiodynamic polarization (PDP) studies were done
by polarizing the working electrode at OCP from —250 mV
(cathodic) to +250 mV (anodic) with a scan rate of 1 mVs~".
Then, the Tafel curves were recorded. Three trials were
taken in each measurement, and the average value was used
for further calculations.

Surface studies of the composite specimen

The composite specimen was subjected to surface studies
to identify the surface texture of the corroded and inhib-
ited samples. The surface pictures of the composite sample
immersed in a solution of 0.5 M HCI without and with Gt,
respectively, for 3 h were taken using EVO 18-5-57 model
SEM. The surface roughness of these composite samples
was checked using AFM (IB342 Innova model).

UV-visible and FTIR study on the adsorption of Gt

Using an 1800 Shimadzu UV-visible spectrophotometer,
UV-visible spectra of 0.1 mM Gt in 0.5 M HCI solution
were initially recorded. The absorption spectra of the same
solution were then recorded after 2 h of immersion of the
test coupon of AA-SiC composite.

FTIR spectroscopy was performed on scrapped products
produced after immersion of the composite specimen in
0.1 mM Gt in 0.5 M HCI solution for 2 h using Shimadzu-
IR Spirit in the frequency range 4000-400 cm™".

Theoretical simulation studies

The experimental results of the inhibition activity of Gt were
validated through the theoretical studies using density func-
tional theory (DFT) with the help of 6-31G** as the basis
set and B3LYP as the exchange—correlation function. The
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computed parameters were analyzed for the validation of
the electrochemical results.

Result and discussion
Open circuit potential (OCP)

The OCP monitoring is essential for all corrosion studies
since electrochemical techniques like EIS work at OCP and
potentiodynamic polarization are accomplished by drifting
the system away from its equilibrium state. In both circum-
stances, OCP plays a critical role, and if it were not main-
tained, the accuracy of the electrochemical result would
affect. To establish a steady state, the freshly polished com-
posite specimen was dipped in 0.5 M HCl in the absence and
presence of Gt. The change in electrode potential with time
was recorded. As shown in Fig. 2, the test specimen reached
the steady-state potential in 0.5 M HCl in the presence and
absence of Gt in around 1500 s. As seen in Fig. 2, the poten-
tial first changes to a critical value known as the induction
time. Upon visual inspection, a dull layer could be seen on
the specimen electrode surface. This dull coating could be
attributable to surface corrosion products or oxide layer dep-
osition [10]. After the initial induction period, the potential
reaches a steady state, implying the attainment of a dynamic
equilibrium between surface film deposition and underlying
metal dissolution via surface film breakdown or dissolution.
In the presence of Gt, the potential values shift towards the
cathodic area, indicating that the inhibitor primarily affects

the cathodic reaction. EIS and potentiodynamic polarization
measurements were performed after establishing the OCP.

Potentiodynamic polarization studies

The Tafel plots for Al alloy-SiC composite in the acid and
inhibited acid medium at 303 K are depicted in Fig. 3.
Similar curves were obtained at 313, 323, and 333 K also.
The anodic curve is accountable for metal oxidation, while
the cathodic curve is responsible for hydrogen evolution in
the acidic medium [11]. Table 2 presents the electrochemical
parameters for the composite, such as corrosion potential
(E.,,)» corrosion current density (i.,,,), anodic Tafel slope
(B,), cathodic Tafel slope (f.), and corrosion rate (CR) at
various Gt concentrations and temperatures of the hydro-
chloric acid medium. The Tafel plots (Fig. 3) show that
when the concentration of Gt rises, the anodic and cathodic
curves shift to lower corrosion current densities (i,,,,). In the
presence of Gt, the corrosion potential (E,,,.) shifts towards
the cathodic region. However, the shift is less than £85 mV,
the widely accepted threshold for determining whether an
inhibitor is exclusively anodic or cathodic [12]. The change
in E_ ,, value corresponds to inhibitors’ mixed-type behav-
ior, controlling metal dissolution at the anode and hydrogen
evolution at the cathode to various extents. However, the
predominant control is on the cathodic hydrogen evolution
reaction, reducing the overall rate of corrosion [13]. Besides
these findings, the significant reduction in corrosion cur-
rent density (i,,,,) shows an effective decrease in corrosion
rate in an optimal Gt concentration of 0.7 mM ina 0.5 M
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Fig. 3 Tafel plots for Al alloy- 04
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hydrochloric acid medium. The results obtained at other
temperatures are comparable to the one reported.

The inhibition efficiency, % IE, was calculated using
Eq. (1).

i
% IE =

lcorr(inh)

X 100 (1)

corr

lcorr

Lcorr @0 i, i) TEPLEsent the corrosion current density
in the corrosive medium without and with Gt, respectively
[14].

In the presence of Gt, the values of i, decrease, increas-
ing /E. It is presumably due to the film formation by Gt
molecules adsorption, thereby protecting the composite from
corrosion [15]. The observed anodic (f,) and cathodic (5,)
slope values do not vary significantly in the inhibited solu-
tion and the acid medium, suggesting no change in the corro-
sion mechanism either in the acid or inhibited acid medium
[16].

Electrochemical impedance spectroscopy (EIS)
studies

EIS measurements were performed to access the Al alloy-

SiC composite’s deterioration in 0.5 M HCI containing
varying concentrations of Gt. Figure 4 shows impedance
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plots for Al alloy-SiC composites at 303 K in varying Gt
concentrations. From the impedance plot, it is clear that the
depressed semicircle diameter increases on increasing the Gt
concentrations, suggesting a decrease in corrosion rate. Due
to inhomogeneity, such as the roughness of the specimen
surface, the deposition of corrosion product, or the adsorp-
tion of Gt molecules, the impedance plots capacitive loops
are depressed [17]. Similar plots were obtained at other tem-
peratures also. Similar impedance plots have been reported
in the literature on the control of corrosion of Al alloy and
its composite in the hydrochloric acid media [18-20]. At
a higher frequency, the impedance plot shows a capaci-
tive loop and an inductive loop at a lower frequency. The
higher frequency (HF) loop corresponds to the resistance
offered for the charge transfer of the corrosion process, and
the lower frequency (LF) loop to the relaxation process of
hydrogen ions and the adsorption of corrosive chloride ions
onto the oxide film [21]. The metal Al is oxidized to Al*
ions and migrates to the oxide/electrolyte interface forming
AI* ions. At the same time, 0%~ or OH™ ions formed at the
oxide/electrolyte interface. Due to the overlapping processes
or one process dominating the others, all of these processes
may be represented by a single capacitive loop [22]. In the
presence of Gt, the area covered by the HF loop and LF
loop combined is more than in its absence, which might be
due to Gt forming a barrier film on the composite surface,
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Table 2 PDP results for Al alloy-SiC composite in 0.5 M HCI without and with Gt at varying temperatures
T (K) Cpy (mM) E.,,, (V) -f. (mV dec™) B, (mV dec™) iy (MACM™2) CR (mmy™) % IE
303 blank —0.680+0.006 4.805 4.805 10.690+0.09 118.70+1.04 -
0.01 —0.695 +0.004 5.997 5.176 4.807+0.04 53.40+0.50 55.03
0.05 —0.699 +0.005 6.530 5.185 3.633+0.03 40.38+0.40 66.01
0.10 —0.701 +0.004 6.630 5.372 2.685+0.02 30.95+0.29 74.88
0.25 —0.700+0.002 6.773 5.361 2.488+0.02 27.63+0.26 76.73
0.50 —0.701+0.003 6.761 5.684 2.292+0.02 25.46+£0.25 78.56
0.75 —0.703 +0.006 6.302 5.552 2.131+£0.02 23.67+0.22 80.07
313 blank —0.697 +0 004 4.825 4.905 14.380+0.12 159.80+1.30
0.01 —0.700+0.003 5.524 5.002 7.673+£0.07 85.26+0.84 46.64
0.05 —0.703 +0.005 6.059 5.159 5.738£0.05 63.74+0.61 60.10
0.10 —0.707 +0.004 6.059 5.159 4.118+0.04 45.74+0.38 71.36
0.25 —0.707 +0.006 6.199 5.368 3.750+£0.03 41.65+0.40 73.92
0.50 —0.707+£0.003 6.287 5.450 3.564+0.03 39.60+£0.38 75.22
0.75 —0.708 +0.004 6.374 5.078 3.192+0.02 35.46+0.36 77.80
323 blank —0.705+0.003 3.972 4.688 18.630+£0.18 203.75+2.00 -
0.01 —0.702 +£0.005 5.432 4.810 11.100+0.11 121.73£1.10 4042
0.05 —0.705+0.004 5.679 5.034 7.942+0.07 86.12+0.82 52.60
0.10 —0.710+0.005 5.779 5.247 6.585+0.06 72.29+0.71 64.65
0.25 —0.713+0.003 6.018 5.415 5.918+0.06 64.70£0.64 68.23
0.50 —0.710+0.004 6.043 5.416 5.491+0.05 60.16+0.60 70.53
0.75 —0.714 +£0.006 6.048 5.418 4.847+0.04 53.43+0.52 73.98
333 blank —0.708 +£0.006 4.872 4.675 22.85+0.21 220.5+2.06 -
0.01 —0.710+0.005 5.432 5.250 13.92+0.12 1343+1.28 39.08
0.05 —0.712+0.005 5.679 5.024 11.74+0.10 113.2+1.12 48.62
0.10 —0.711+0.004 5.779 5.347 9.357+0.08 90.25+0.92 59.05
0.25 —0.712+£0.004 6.018 5.515 8.370+0.07 80.83+0.82 63.37
0.50 —0.713 +0.006 6.043 5.316 7.170+0.06 69.18+0.70 68.62
0.75 —0.715+0.006 6.048 5218 6.372+0.05 61.49+0.62 72.11

influencing the processes as mentioned earlier [23]. In the
presence of Gt, Fig. 4 clearly shows expanded capacitive and
inductive loops, indicating increased corrosion resistance.
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Fig.4 Impedance plots for Al alloy-SiC composite in the acid and inhib-
ited acid medium at 303 K

Due to ionic conduction in the oxide film, the aluminum
oxide film is considered a parallel circuit of a resistor and a
capacitor due to its dielectric characteristics [24, 25].

An appropriate equivalent circuit was obtained by simulat-
ing the EIS data for the composite in the presence of Gt in
the acid medium using ZSimpWin software (version 3.21).
The Nyquist plot was simulated using an equivalent elec-
tric circuit shown as an inset in Fig. 5 to fit the impedance
obtained theoretically. The representative simulated and fit-
ted curves for corrosion of the alloy composite in the pres-
ence of 0.75 mM Gt in 0.5 M HCI at 303 K are shown in
Fig. 5.

In the equivalent circuit (Fig. 5), R, represents the solution
resistance, R, indicates the charge transfer resistance, and Q
is the constant phase element (CPE) that corresponds to the
capacitance (C) of the double layer. L is an inductive element,
and R, is the equivalent resistance. The elements R, and R,
are parallel in the circuit. Because the impedance plots show
depressed semicircles, Q is substituted for actual capacitance
C in simulation. Because of surface inhomogeneity, the fre-
quency dispersion is accounted for during impedance analysis.

@ Springer
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Fig.5 The simulated plot and the equivalent circuit

Equation (2) was used to compute the double-layer capacitance
(Cp-

Cd/ = le(zn-fmax)n_l (2)

where Q is the CPE constant, f,, . represents the frequency
where the imaginary part of the impedance is maximum, and n
is the CPE exponent related to the surface morphology of the
composite electrode surface and lies in the range—1<n<1.
When n=1, CPE acts as an ideal capacitor [26].

The polarization resistance (R,,) is computed from Eq. (3) [18].
R_R
R = ct"'L
P R,+R, @)

Based on the polarization values in the blank (R,) and
inhibited medium (R, ;,;)), the percentage /E can be calcu-
lated using Eq. (4) [18].
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Z°, ohm

R m—R
%IE =" 7 %100 (4)

plink)

From Table 3, it is clear that the value of Rp increases
with the Gt concentrations, resulting in improved corrosion
resistance in the presence of Gt. Because of film formation
by Gt on the composite surface, higher resistance is offered
for the flow of electrons, resulting in the reduction of cor-
rosion rate and increase of /E [27]. The decrease in C
value (Table 3) observed in increasing Gt concentrations
is probably due to the rise in the electrical double-layer
thickness at the composite/solution interface [28]. These
findings are supported by an increase in the percentage
of IE with increasing Gt concentrations. The experimen-
tal results obtained at other temperatures showed similar
patterns.
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Zfﬁﬁic%iﬁifﬁl?ﬁso@r 1\‘21 T(K)  Cp(mM)  Rg (Qem?) R, (Qcm?) R, (Qem?) C,WFem™  %IE
HCI without and with Gt at 303 Blank 11.48£0.10 5.16+0.05 3.56+0.03 97.52+0.94 -
varying temperatures 0.01 2061+£020  12.66+0.12 7.84+0.07 35834032  54.57
0.05 28574026  1532+0.14 9.97+0.08 21564020  64.27
0.10 39.024028 20234020  13.32+0.13 14.98+0.13 7325
0.25 43264040  22.02+0.19  14.59+0.14 1044+0.09  75.58
0.50 45454039 23654020  15.55+0.14 9.97+0.09  77.09
0.75 49.07+042  27.65+022  17.68+0.16 8.14+0.07  79.85
313 Blank 7.22+0.06 427+0.04 2684002  222.95+2.23 -
0.01 11.51+0.09 7.34+0.06 4.48+0.04 9546+0.88  40.15
0.05 1695+0.15  10.36+0.10 6.43+0.56 63.56+0.62  58.28
0.10 23.84+030  14.45+0.20 8.99+0.24 4097+041  70.18
0.25 27.68+028  15.98+024  10.13+0.20 32824031  73.52
0.50 28414022 17324022  10.76+0.24 27744026  75.07
0.75 29.84+028 18214026  11.31+0.22 1820+0.17  76.28
323 Blank 3.91+0.03 2.05+0.01 1344001  899.26+8.88 -
0.01 4.58+0.04 4.11+0.20 2174002  281.63+2.80  38.03
0.05 7.33+0.07 5.66+0.16 3154002 181424179 5729
0.10 8.32+0.07 6.07+0.18 3514003  14503+136  61.71
0.25 9.99+0.10 7.06+0.20 4144004 12243120  67.53
0.50 10.63+0.11 7.61+0.22 4474004  103.09+1.02  69.92
0.75 11.95+0.10 8.30+0.24 4.89+0.03 83.67+0.82  72.56
333 Blank 3.50+0.03 1.92+0.02 124+0.004  998.02+9.35 -
0.01 4.28+0.03 3.52+0.03 1.96+£0.006  402.06+3.82 3673
0.05 6.22+0.05 4.82+0.04 27240008  256.08+242  54.41
0.10 7.54+0.06 5.52+0.05 3.19+0.018 182164192  61.13
0.25 8.62+0.07 6.26+0.06 3.63+0.022 148224138  65.84
0.50 9.86+0.09 6.88+0.07 40540024  126.18+128  69.38
0.75 10.54+0.10 7.89+0.08 443+0.028  98.04+1.12  72.00

Influence of temperature

The kinetic and thermodynamic data controlling the corro-
sion and inhibition process could be evaluated by studying
the effect of temperature on /E. With the help of these param-
eters, one can follow the adsorption pattern of Gt molecules
on the composite. As the temperature of the medium rises, the
i, also increases because of the rise in the conductivity of
the medium. In the presence of Gt, there is an increase in IE,
revealing that the composite’s deterioration is under control.
PDP and EIS results (Tables 2 and 3) indicate the decline in /[E
observed with a temperature rise, showing the physisorption of
Gt on the composite at higher temperatures [29].

The activation energy (E,) for the corrosion of the compos-
ite specimen in 0.5 M HCI was computed as per the Arrhenius
equation [30].

In(CR) =B Eq 5
n(CR) =B - 2 )

The “B” indicates the Arrhenius constant, “R” is the gas
constant (8.314 J K~! mol™"), and “T” is the temperature.

The slope of the straight line obtained (Fig. 6) by plotting
In (CR) versus 1/T is equal to—E, /R. Thus, E,, values can be
computed for the composite in the corrosive and inhibited
corrosive medium.

The change in entropy (AS”) and enthalpy (AH") of acti-
vation for the corrosion process in the acid and inhibited acid
solution was computed as per the transition state equation
[31].

RT As* —AH*
R=— —
C Nhexp( R >exp< RT > (6)

In this relation, “N” is Avogadro’s number (6.023 X
10% mol™"), and “h” denotes Planck’s constant (6.626 X
10734 75s).

The In (CR/T) vs. 1/T plot (Fig. 7) gives a straight line
with the slope and intercept value equal to (—AH"/R) and [In

@ Springer
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Table4 The activation results for Al alloy-SiC composite in 0.5 M
5.5 - HCI without and with Gt
Cpp M) E, (kI mol™) R? AH? (kI mol™) AS*(
5.0 4 mol™! K1)
e Blank 21.35 0.9982 18.71 —143.46
E 4.5 0.01 29.00 0.9988 23.89 -132.17
g 0.05 28.29 0.9984 2591 —128.42
% 4.0 1 0.10 29.54 0.9989 26.99 —127.38
= 0.25 27.93 0.9994 26.47 —130.20
A Blank
0.50 26.92 0.9997 24.72 -136.47
351 4 001mM 4 025mM
4 0.05mM 0.50 mM 0.75 26.83 0.9992 23.57 —-140.71
.05 m .
304 4 0.10mM 4 0.75mM

T T T T T T
0.00300 0.00306 0.00312 0.00318 0.00324 0.00330
1/T (K1

Fig.6 Arrhenius plot for Al alloy-SiC composite in 0.5 M HCI with-
out and with Gt

(R/Nh)+ AS*/R), respectively. The activation parameters are
recorded in Table 4.

E, values in the inhibited acid medium were higher than
in the acid medium (Table 4). The observed increase in E,
value in the inhibited acid medium suggests the physical
adsorption of Gt on the composite [30]. Hence, the physi-
cally adsorbed Gt molecules can increase the physical energy
barrier for the corrosion process. The surge in E,, value with
an increase in Gt concentration may be due to the protective
film formation by Gt molecules on the composite [15, 32].
The positive value of AH? indicates that the inhibition is an
endothermic process. The AS” values are negative, showing
the decrease in randomness occurring during the inhibition,
favoring the adsorption of Gt molecules [33].

0.0
-0.5
K
T 1.0
g
£
E -1.5-
=4
@)
£
~204 4 Blank
e 0.0lmM ¢ 025mM
25/ 4 0.05mM 0.50 mM
v 0.10mM » 0.75mM
T T T T T T
0.00300 0.00306 0.00312 0.00318 0.00324 0.00330
1/T (K1)

Fig. 7 In(CR/T) versus 1/T plot for Al alloy-SiC in 0.5 M HCI with-
out and with Gt
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Adsorption behavior of Gt

Organic inhibitors control metal corrosion by adsorption on
the metal/medium interface, forming a protective coating
that isolates the metal surface from the corrosive medium.
The adsorption approach is commonly described as the pro-
cess of displacement of water molecules adsorbed on the
metal surface [HyO,4,] by the organic inhibitor molecule
in the aqueous medium [Inh(aq)] as indicated below [31]:

lnh(aq) + nHzO(ads) = lnh(ads) + nHZO(aq) (7

“n” is the number of water molecules displaced by the
inhibitor molecules.

Adsorption mainly depends on the nature of the metal, the
corrosive medium, the temperature of the medium, and the
concentration and molecular structure of the inhibitor. The
adsorption isotherm can provide the mode of interaction of
inhibitors at the composite surface. The surface coverage (6)
values of Gt at different concentrations were obtained from
PDP measurements. These results were applied to various
isotherms. The adsorption isotherm with a linear regression
coefficient (R?) value close to one was carefully chosen as
the best fit. In this case, the best linear fit was obtained with
the Langmuir adsorption isotherm.

The Langmuir adsorption isotherm can be expressed by
Eq. (8) [15]:

=+ Cu ®)

where C,;,;, denotes the inhibitor concentration, K, indicate
the equilibrium constant for adsorption (mM™!), and 6 is the
surface coverage, which is obtained by Eq. (9)

% IE
0=
100 ©)

% IE denotes the percentage inhibition efficiency
obtained from Eq. (1).

The C,,,/0 vs. C,,;, plot (Fig. 8) is a straight line whose
intercept equals 1/K ;.. The straight-line plot’s regression
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Fig.8 C,,,/0 vs. C;,;, plot for the adsorption of Gt on the composite
surface

coefficient (R?) is much closer to unity, indicating that
Langmuir’s adsorption isotherm obeyed for the adsorption
of Gt on the surface of the composite (Table 5). It suggests
that the adsorbed Gt molecules form a monolayer film on
the composite surface, and there is no interaction between
the adsorbed Gt molecules.

The standard free energy of adsorption (AG’,,,) value
of Gt is related to its K, value according to Eq. (10) [34].

1 —AG°
Kuts = & exp( RT‘”’“‘) (10)

water

C,,aer Indicates the molar concentration of water in the
solution (55.5 mol/L).

The higher K, (Table 5) value reveals a strong interac-
tion of Gt molecules at the composite surface, resulting in
a higher /E [35]. Figure 9 depicts the AGoad‘Y vs. T plot,
representing a straight line. The standard adsorption value
of enthalpy (AH®,;,) and entropy (AS®,,,) was equal to the
slope and intercept of the straight line. The value of AG®
is given by Eq. (11).

Table 5 Thermodynamic results for the adsorption of Gt on the com-
posite surface

T(K) K, (mM™) R? AG®,, AHC, AS° .

&I mol™) (K mol™) (T mol™' K™

303 88.574 0.9998 —-21.41
313 63.735 0.9996 -21.16 -30.17 —-0.0289
323 41911 0.9991 -20.82
333 30.093 0.9980 —20.54

-20.4

-20.6

-20.8 4

=-21.0 4

AG®,,, (kJ mol™)

=-21.2 4

-21.4 4

T T T T T T T
300 305 310 315 320 325 330 335
Temp (K)

Fig.9 AG®,, vs. T plot for the adsorption of Gt on the composite
surface

AGil)ds = AHgds - TAsz)ds (1 1)

The AG®,,, value less than or equal to —20 kJ mol™" sug-
gests that the physisorption, while greater than or equal
to —40 kJ mol™!, indicates the chemisorption. AG®,,
values between these threshold limits reveal the inhibi-
tor’s mixed adsorption on the composite surface [36]. As
shown in Table 5, AG?_, values for Gt are in the range
of =21 kJ mol~', and the values are closer to —20 kJ mol~’,
suggesting the mixed adsorption with stronger physisorption
of Gt on the composite surface. A negative value of adsorp-
tion enthalpy indicates the inhibitor molecules’ physical
adsorption [37]. As reported, the AH" . value for physisorp-
tion is lower than —41.86 kJ mol™!, and for chemisorption,
it must approach —100 kJ mol™' [38]. The estimated value
of AH® ;. for Gt (Table 5) is —30.17 kJ mol~". Tt indicates
that Gt molecules preferably undergo physisorption on the
composite surface. The observed decrease in /E with the rise
in temperature (Tables 2 and 3) supports the physisorption
of Gt molecules [29]. Therefore, it may be concluded that
the inhibitor follows mixed adsorption, with physisorption
playing a significant role. The value of ASOM is negative,
showing decreased disorderliness during adsorption [39].

SEM and AFM analysis

Figure 10a depicts the SEM image of the Al alloy-SiC
composite dipped in 0.5 M HC], indicating a rough surface
containing many cavities due to the aggressive action of
the acid medium. The SEM image of the composite speci-
men (Fig. 10b) dipped in the corrosive medium added with
0.75 mM Gt showed a surface with fewer cavities. It may
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Fig. 10 The SEM pictures of composite samples dipped in 0.5 M HCl a without and b with 0.75 mM Gt

presumably be due to the adsorption of Gt molecules on the
composite leading to a protective film. It blocks the further
attack of the acid medium, controlling corrosion of the com-
posite material.

The AFM pictures of the composite sample dipped in the
corrosive medium without and with 0.75 mM Gt, respec-
tively, are shown in Fig. 11a, b. The measured average values
of surface roughness (R,) and root mean square roughness
(R,) of the corroded and inhibited specimens are shown in
Table 6. The measured roughness values, R, and Rq, for the
inhibited composite sample are lower than the corroded com-
posite sample. The drastic reduction in the surface rough-
ness on the inhibited specimen reveals the adsorption of Gt,
controlling the deterioration of AA6061 in the HCI medium.

2.0pm2.0 pm

64.3 nm

The proposed corrosion inhibition mechanism

Generally, an inhibitor controls the deterioration of a metal
in contact with an acid medium by adsorbing its molecules
over the metal surface. The inhibitor’s adsorption behav-
ior is governed by its nature, the inhibitor structure, the
type of electrolyte, and temperature. In the HCI medium,
aluminum corrosion occurs due to the depletion of the pro-
tective oxide layer. Aluminum with higher negative poten-
tial usually reacts with the hydrochloric acid medium and
deteriorates following the anodic reactions [40]:

Al +CI' 2 AICT (12)

4.6 nm

2.0 pm

Fig. 11 The AFM images of the composite samples dipped in 0.5 M HCl a without and b with 0.75 mM of Gt
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Table6 The surface roughness results for Al alloy-SiC composite samples

Specimen R, (nm) R, (nm)

Composite dipped in 0.5 M HCl 57.6 78.2

Composite dipped in (0.5 M 11.4 15.2
HCI1+0.75 mM)

AICT 4, + CI' — AICI+2 + 3¢ (13)

The evaluation of hydrogen takes place at the cathode.

H+ +e — Hads (14’)

Hads + Hads - H2 (15)

Organic inhibitors can adsorb over the composite via
physisorption, chemisorption, or both. As discussed ear-
lier, Gt follows mixed-type adsorption predominantly
with physisorption. In a strongly acidic medium, Al
alloy-SiC composite surface can attain a positive charge
since the value of pH_, (i.e., pH at zero charge potential)
for aluminum is 9.1 [41]. As a result, the chloride ions
first adsorb by the electrostatic force of attraction at the
composite/HCI solution interface. Hence, the composite
surface acquires a negative charge. Being an amino acid
derivative, Gt can undergo protonation in an acid medium
similar to the one used in the present work [40]. The nega-
tively charged composite surface can easily attract the pro-
tonated inhibitor, leading to physisorption (Fig. 12). The
chemisorption of Gt can occur by sharing electron pairs
on N, S, O atoms, and n-electrons of carbonyl groups in
Gt with the empty d-orbitals of aluminum, leading to a
coordination bond (Fig. 12) [42]. As reported elsewhere,
electron-donating groups (—OH, —NH,) can improve the
inhibitive performance of Gt [43].

o

HO

£Illi||:
T
w
P N = o

€———— 7T

°
i
I
I
¥

Al-Alloy SiC composite

= = = =P Electron pair interaction

\ U Electrostaticinteraction

Fig. 12 Adsorption pattern for Gt on the composite surface

UV-visible and FTIR analysis on adsorption of Gt

The adsorption of Gt molecules on the Al alloy-SiC com-
posite surface can be confirmed using UV-visible spectra.
The UV-vis spectra of 0.1 mM Gt in 0.5 M HCI solution
(Fig. 13) revealed two absorption peaks (228 and 290 nm),
corresponding to the 1 — n* and n — n* transitions, respec-
tively. The composite specimen was immersed for 2 h in
0.1 mM Gt in 0.5 M HCI solution, and UV-vis spectra were
retaken. The second recorded spectra had the same two
peaks as the first, but their intensity was lower. The decrease
in the intensity of the second spectra supports the adsorption
of Gt molecules on the composite surface.

The FTIR spectra of Gt are shown in Fig. 14. The
observed FTIR absorption peaks are (ATR, cm™!) around
3200 (OH, NH,, NH str.), 2520 (SH, str.), 1700 (C=0 str.
of COOH), and 1514 (C=O0 str. of amide). The scraped cor-
rosion product obtained from the specimen composite after
immersing in 0.5 M HCI solution containing 0.1 mM Gt
for 2 h showed the same peaks but with less intensity, con-
firming the physisorption of Gt molecules on the composite
surface.

Theoretical DFT analysis

As per the DFT-based theoretical calculations, different
parameters were evaluated to understand the interaction of
the inhibitor on the composite metal surface. Gt can exist
in the protonated form in an aqueous acid medium [41, 44].
Since the composite is exposed to an acidic medium (0.5 M
HCI), the participation of protonated Gt could not be ruled
out along with neutral Gt in the corrosion inhibition process.

0.4
—@— 0.5 M HCI containing 0.1 mM Gt solution immersed
0.3 with Al-alloy SiC composite
—@— 0.5 M HClI containing 0.1 mM Gt

-
5 0.2
<
N’
]
'>9 i
g2 o1
]
=
S 0.0+
[ A
ﬁ A2 A s aa33aa0aaaaaa00aaY

-0.1

-0.2

T T T
300 400 500 600
A (nm)

Fig. 13 UV-visible spectra of 0.1 mM Gt in 0.5 M HCI before and
after immersion of composite specimen
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120 work for aluminum, the theoretical value of electronegativity,
Gt . . ¢y, 1s taken as 4.28 eV [48] and 1, as zero [47].
Scraped corrosion product of Composite + Gt e el .
100- As per Parr et al. [49], the electrophilicity index (®) is
given by Eq. (22):
] 2
£ 804 w="1 (22)
E 2n
g
= 60 In the above relation, u indicates the electronic chemical
= potential, defined as:
2
T 404 I+A
=TS =X (23)
20 The parameters like energies of the highest occupied
molecular orbital (E,,,) and lowest unoccupied molecular

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm'l]

Fig. 14 FTIR spectra of Gt and scraped corrosion product

Hence, the DST calculations using the 6-31G** basis set
were carried out on neutral and protonated Gt.
Figures 15a—f depict the optimized structure and the fron-
tier molecular orbital structures of neutral and protonated Gt.
The Eyppo and E; 0 values are interrelated to the
value of [ (ionization potential) and A (electron affinity),
respectively, as per the relations, Eqs. (16) and (17) [45].

I' = —-Eyomo (16)

A=-Eyno 17

The values of y, n, and ¢ were computed using Eqs.
(18-20), respectively [45, 46].

_I+A
X=—= (18)
_1-4 19
n=— (19)
o=1 20
p (20)

The AN involved in the inhibitor and metal surface
interaction was obtained using Eq. (21) [47].
X=X Puy =Xy

AN = =
2(1a; + M) 21

@1

In these relations, y,; and y;,, represent the electronegativ-
ity, while 74, and #;,;, indicate the hardness of Al and inhibi-
tor, respectively, and ¢, is the work function. In the present

@ Springer

orbital (E; (), energy gap (AE,), hardness (1) and softness
(6), the fraction of transferred electrons (AN), and the elec-
trophilicity index (w) are summarized in Table 7.

The Gt molecule has multiple heteroatoms (O, N, S).
Therefore, the heteroatoms in Gt with high negative Mul-
liken charges can preferably act as the active sites of
adsorption. Figure 16a, b reveals that the heteroatoms such
as N6 (—0.58), 010 (=0.55), N14 (-0.53), N10 (=0.53),
015 (-0.52), N9 (-0.52), O1 (-0.47), O18 (-0.47), O19
(—0.46), and O4 (—0.46) in neutral Gt molecule show high
negative charges. Similarly in protonated Gt heteroatoms
such as N6 (—0.56), 010 (-0.52), N14 (-0.51), N9 (-0.52),
019 (-0.52), N14 (-0.51), O15 (=0.51), O1 (-0.45), O4
(—0.45), and O18 (—0.43) show high negative Mulliken
charges. These heteroatoms can provide active sites for
adsorption.

Generally, the value of Ey,,, indicates the inhibitor’s
electron-releasing tendency. A larger Ey ), value of the
inhibitor indicates its higher electron-releasing and lower
electron-accepting capability. The value of Ej;,, reveals
the electron-accepting property. The inhibitors with lower
values of E;;,, exhibit poor electron-realizing properties

Table 7 Quantum chemical parameters for neutral and protonated Gt

Property Neutral Gt Protonated Gt
Eyomo —6.6472 eV -9.1653 eV
E;umo —-0.2373 eV —4.2472 eV
AE, 6.4099 eV 49181 eV
I 6.6472 eV 9.1653 eV
A 0.2373 eV 4.2472 eV
X 3.4422 eV 6.7062 eV
n 3.2949 eV 2.4590 eV
o 0.3035 eV 0.4066 eV
® 1.7983 9.1445
AN 0.1271 —0.4933
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Fig. 15 Neutral Gt—a opti-
mized structure, b HOMO, and
¢ LUMO. Protonated Gt—d
optimized structure, e HOMO,
and f LUMO

and a more robust electron-accepting nature [50]. It is evi-
dent (Table 7) that neutral Gt shows a higher Ey,,, value
(—6.6472 eV) compared to protonated Gt (—9.1653 eV). It
reveals that neutral Gt exhibits better electron-releasing prop-
erties than its protonated species. E; ;4 value of protonated
Gt is lower (—4.2472 eV) than neutral Gt (—0.2373 eV),
which indicates the former’s better electron-accepting
tendency.

The energy bandgap (AE,) between the HOMO and
LUMO can predict inhibitor species’ relative adsorp-
tion order. In general, higher chemical reactivity is shown
by the inhibitor species with lower AEg value and, hence,
exhibits high inhibition activity [51]. In this work, the AE,
value for protonated Gt (4.9181 eV) is lower than neutral Gt
(6.4099 eV). Hence, protonated Gt can show higher reactiv-
ity and good inhibition performance. It supports the phy-
sisorption of Gt on the composite surface, as revealed by

Fig. 16 Mulliken charges on
atoms of a neutral and b proto-
nated Gt

the experimental results. According to the HSAB principle,
chemical hardness and softness parameters influence the
inhibition performance of the inhibitor molecule. The bulk
metals are chemically soft and preferentially interact strongly
with soft inhibitor species. The inhibitor species with a lower
n value and higher ¢ value imply stronger chemical reactiv-
ity and contribute more towards /E [52]. In the present case,
protonated Gt showed this behavior, indicating its good inhi-
bition activity. Once again, this confirmed the physisorption
of protonated Gt.

The value of AN~ 0 reveals the greater electron-donating
tendency of inhibitor species, while AN ©0 shows the higher
electron-accepting trend [53]. Table 7 indicates that neutral
Gt can readily donate electrons, and protonated Gt can
accept electrons. A good nucleophile exhibits a low value
of ®, whereas a good electrophile exhibits a high value of ®
[54]. The protonated Gt showed the highest @ value (9.1445),
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indicating its higher tendency to accept electrons from com-
posite metal. It results in stronger adsorption of protonated
Gt on the composite, improving the /E.

Conclusions

The following key features can be summarized based on
experimental, theoretical, spectral, and surface analysis
results.

The electrochemical results proved Gt as a potential green
inhibitor for attenuating Al alloy-SiC composite corrosion
in a 0.5 M HCI medium. The inhibitor, Gt, showed a mixed
inhibitor behavior that significantly influenced the cathodic
reactions. Gt evinced inhibition efficiency of 80% by PDP
and EIS methods at a concentration of 0.75 mM and 303 K
temperature. Thermodynamic results revealed the mixed
adsorption of Gt with stronger physisorption on the com-
posite surface. The adsorption of Gt on the composite sur-
face follows the Langmuir adsorption isotherm. The electro-
chemical results show that the inhibition efficiency increases
with a rise in medium temperature, suggesting the physi-
cal adsorption mode of Gt on the composite. The surface
morphology analysis by SEM and AFM studies provides
evidence for the protective film formation by the adsorp-
tion of Gt molecules on the composite surface. The results
of the EIS technique support the PDP results. The spectral
(UV-visible and FTIR) analysis confirmed the adsorption
of Gt molecules on the composite surface. The theoretical
studies using DFT validate the experimental results. Gt acts
as an efficient inhibitor for Al alloy-SiC composite in HCl1
medium owing to its potential attributes like bulky molecu-
lar size, multiple donor atoms (N, S, and O), water solubil-
ity, stability, and ready availability with reasonable cost and
non-toxic nature.
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