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Abstract

Morus nigra (Mulberry leaves) was tested as a green inhibitor for mild steel (MS) in 0.5 M HCI by theoretical,
surface study, and experimental techniques. The impedance, polarization, microscopy, Langmuir, and DFT
(computational) techniques were used for the adsorption and corrosion inhibition study. The experimental and
theoretical study supports each other results. Adsorption parameters were observed by Langmuir, Gaussian09W (DFT),
and BIOVIA Materials Studio Softwares. The surface study was carried out by metallurgical microscopy technique. The
theoretical study includes chemical potential, electron-donating power, chemical hardness, HOMO, LUMO, metal
inhibitor interaction energy, adsorption energy, etc. UV-visible, NMR, and FTIR studies show that aspartic acid is the
major constituent present in the mulberry leaves extract. A 91.62 % corrosion protection was provided by the Morus
nigra at 1000 ppm. Polarization study proved mixed inhibition. The green inhibitor follows both physical and chemical
modes of adsorption. The biochemical and chemical oxygen demand of unused acid left after the gravimetric study was

found in an acceptable range.
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1. INTRODUCTION

Metals and their alloys are an important part of the
structural unit of different materials used in industry
and household equipment. Corrosion is a very
serious problem in industry and houses as these
metallic parts come to different aggressive
environments. Corrosion leads to many types of
direct and indirect losses to industry and mankind.
The use of synthetic and green corrosion inhibitors
in acidic medium is one of the very common
methods to prevent corrosion.!'*! Different organic
compounds containing hetero atoms like N, P, S, X,
etc., and functional groups composed of heteroatoms
acts as a corrosion inhibitor (CI) in the acidic
medium.**! Most chemical and organic corrosion
inhibitors act by physisorption on the metal by
forming an insulating film that minimizes the
corrosive attack of inorganic acids.[*!

Mild steel (MS) is the main material of
construction of trunks, steel almirah, dessert cooler
body, wheat grain storer, pipelines, cables, etc. Mild
steel possesses unique physical and mechanical
properties like mechanical strength, durability, easy
availability, and low cost. MS gets easily corroded
when got in contact with dilute HCI. Pitting,
cracking, and uniform types of corrosion are the

common types of corrosion encountered by MS in
an acidic environment. Several researchers have
tried different chemical and organic corrosion
inhibitor (CI) for MS and carbon steel (CS) in acidic
medium like miconazole nitrate in HCl medium,™
natural products (plants and their products),?
polyamino quinone in HCl medium,? antiscalants
for industrial cooling water system, TSP for CS,
sodium tripolyphosphate (STPP) for CS, Murraya
koenigii leaves for MS in HCI and H,SO4 medium,
cyclic and acyclic corrosion inhibitor for CS, plant
extract for MS in HCl medium,”! fruit peel extract
for MS in HCl medium,™ fruit peel extract for CS in
HCL™ crushed Henna leaves were used for MS in
acidic medium,"”’ Carica papaya as green CI for MS
in acidic medium,®! Phyllanthus amarcus for MS in
acid medium,” lupin for steel in acidic medium,!'"’
N. F. wurmb for MS in HCl medium,!'!! coffee
ground extract for CS in hydrochloric acid
medium,'? caffeine for CS in alcoholic solution,!3!
curry leaves for CS in hydrochloric acid medium,!'#
chitosan for MS in HCI medium, etc.

Others have investigated the corrosion inhibition
efficiency (CIE) of chitosan for MS in hydrochloric
acid,'! glucose-based polymer,!'®! Pectin for steel in
acid,l'”! and chitin for steel in the acid,!'®! PVP for CS
in the HCl medium,'™ PVP as for CS in salt
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solution,”” PVP for CS in the HCI medium,?"! PVP-
Oxime for MS in the H,SOs medium.?? Libya-based
Morus nigra L. was investigated as CI for MS in 1.0
M HCI and a maximum of 94.9 % CIE was achieved
at 10 % plant extract.” Black Mulberry leaves
extract was investigated as CI for the aluminum metal
in 2 M HCI solution and shows a 93 % CIE at 2000
ppm of plant extract.?¥ Gingko leaves were tested as
ClI for X-70 steel and shows 90 % CIE at 200 ppm of
leaves extract in 1 M HCl solution.!” H Li et al. have
proposed reduced graphene oxide and MOF-based
epoxy coating for the protection of metals from
corrosion.l”! The drug Lasartan potassium was tested
as green CI for Q-235 steel and shows 92 % CIE at
concentration of 5 mM in dilute HCI solution.*”
Guava leaves extract was tried as green CI for MS in
dilute hydrochloric acid by different electroanalytical
techniques.® G. indica was reported as green CI for
MS in hydrochloric acid and shows 93 and 87 % CIE
in 0.5 M and 1.0 M HCI at 303 K and 80 % CIE in
1.0 M HCI at 333 K temperature.” From the
literature study, it was observed that a detailed study
regarding corrosion inhibition and adsorption
mechanism shown by green CI is still lacking by
computational, experimental, and surface study
techniques for designing new acid organic CI for
different metals and their alloys. Black mulberry is a
perennial shrub and has lived for many years. It is
cultivated throughout the world and is available in
plentiful in India in all four seasons. Morus nigra L.
leaves contain alkaloids, terpenoids, flavonoids,
phenolic compounds, etc. which can act as potential
green corrosion inhibitors for MS in acidic medium.
A detailed study is required on corrosion and
adsorption mechanism provided by the green CI by
theoretical (DFT, and Langmuir) and experimental
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techniques.

An extension to previous studies i.e., 5-
Aminotetrazole for MS in sulphuric acid,*”
Murraya K. L. for MS in HCLBY CHA
(cyclohexylamine) for MS in sulphuric acid,** etc.
First and foremost, we are providing the adsorption
and corrosion inhibition mechanism of Morus nigra
in 0.5 M HCI by experimental, computational, and
surface study techniques. Impedance, polarization,
gravimetric, microscopy techniques were used.
Theoretical studies like Density Functional Theory,
Frontier MO, MD simulation, Frumkin, and
Langmuir Adsorption Isotherm (FAI and LAI)
studies were carried out. The waste acid left after the
gravimetric study was investigated for its BOD and
COD values.

2. MATERIALS AND METHODS
2.1. Material used

MS (IS2062 Fe-350) was used in all the corrosion
studies. Table 1 depicts the composition of MS.
Polishing of MS specimens was carried out with
emery papers of different grades starting from 100
and ending to 600 um. HCI (CAS number: 7647-01-
0, 37 % pure, ACS reagent) was purchased from
Sigma Aldrich, Mumbai. Fresh Mulberry green
leaves were collected from the CUH campus. They
are first dried in open sunlight for continuous two
days. Then 10 g of dried powder was dissolved in
100 ml H,O and boiled until 1/3™ of its volume.
Then extract was cooled and make to 100 ml by
adding distilled water. This extract was now termed
as a stock solution. Further, the concentration of
inhibitor was prepared from this stock solution.

Table 1: Percentage composition of Mild Steel

Element C Si Mn

S P Ni Cu Cr Fe

Weight % age (w/w) 1.81

0.19 0.72 0.035 002 03 0.01 0.17 Rest

2.2. Methods

For the gravimetric study, 0.5 M HCI solution was
prepared using ultra-pure water with the
conductivity of 46 mS/cm. 100, 200, 400, 600, 800,
and 1000 ppm of green inhibitor extract was
prepared to form a stock solution. The pre-weighed
mechanically polished samples of MS were treated
with 0.5 M hydrochloric acid in the presence of GCI
for 24 h. The American Standard Testing Method
(ASTM-D2688) was employed for finding corrosion
rate (CR) and inhibition efficiency (IE%).**
Gravimetric experiments were repeated three times

to check the accuracy and precision of the results.
The polarization (anodic and cathodic) of the mild
steel working electrode was carried out by the
PGSTAT-128N  (potentiostat/galvanostat).  Tafel
slopes, icor, and CR were observed with Nova 1.11
software supplied with the instrument. The electrode
potential was measured in reference to the
silver/silver chloride electrode. The ASTM (G61)
was used for the Tafel plots.***] The potential was
scanned from Open Circuit Potential (OCP) to 210
mV in the cathodic direction and OCP to 450 mV in
the anodic polarization. A scanning rate of 2 mV/s
was used in the polarization study. After the
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polarization study, impedance study was performed
at OCP from 10 kHz to 1 Hz AC frequency. The
American standard test method (G106) was
employed in the impedance study.l''*¢ The
structural details of interface between MS electrode
and electrolyte was investigated by Randle's
equivalent circuit model. The metallurgical
microscopy equipped with Meta Plus software was
used for the surface study of corroded MS
specimens. The porosity (%), length of pores (um),
and coating thickness (um) were noticed with Meta-
plus software. The Langmuir and Freundlich
isotherms were used to study the adsorption and
thermodynamic parameters.

The theoretical study was done by Gaussian,!
Avogadro,?!*?! and BIOVIA material studio (BMS).
The single point energy, geometry optimization, and
frequency study were carried out by Avogadro and
Gaussian-09W program. BLYP basis sets of aspartic
acid (AA) were used.’>* MD simulation was
carried out on the surface layer of iron atoms.
Adsorption study was performed on NVT ensemble
was selected for the theoretical study and a step time
of 1 fs of simulation period of 200 ps was used.! "’

The interaction energy of MS/AA, Einteraction Was
determined by Eq. (1):

Einteraction = Erotar — (ESurf.+H20+H++Cl_ +

EInhibitor) (1)

The binding energy (Epinding) Was negative of the
Einteraction, Eq (2)

Ebinding = —E, icraction (2)

The computational parameters were determined

30,37]

by Koopman’s theorem (Eqn. (3-6).140:41]
Electrochemical potential: » = U;—A) (3)
Hardness, n = =4 (4)
1 2
Softness, o = il (5)

Number of electrons shifted,
— (XFe—Xmn)
2X (MFe—Mimh) ©)

The adsorption energy (E.s) was determined by
Eq. (7):

The energy of adsorption, E4g = M (7
The other computational parameters were

determined by Egs. (8-15).

2
Electrophilicity, w = g‘—n (8)
Charge Transfer Max., ANyq,. = % )
Adsorption energy, E4q = M (10)
. + _ (1+34%)
Electron releasing, w™ = 160-A) (11)
. — _ (31+4%
Electron accepting power, w~ = (ToU—A) (12)
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Work Function, Ap = _ @re=Xinnp)* (13)
’ 4(MFetNmhib)
Back-donation energy, Aggp = —g (14)
Proton Affinity,
PA:Epro - (Enonpro +EH+) (15)

2.3. Biochemical study

The acid containing used water after gravimetric
(corrosion) study is normally discarded in to sink. It
is very big environmental problem. The strict
environmental regulation does not allow to through
untreated waste acidified water into environment. To
check the biocompatibility of ECI, we have tested
the biochemical-oxygen-demand (BOD) and
chemical-oxygen-demand (COD) of this waste
untreated acidified water before discharging in to
environment by standard procedure of Central
Pollution Control Board (CPCB) of India.[*>*! The
hydrochloric acid left after the gravimetric study was
diluted to 10 times with water before biochemical
experiments.

3. RESULTS AND DISCUSSION
3.1. Spectroscopic characterization

Figure S1 (ESI) shows UV-visible absorption
spectra of extract of Mulberry leaves. The two major
peaks appear at 202 and 263 nm which may be due
to the presence of Aspartic acid as major
constituents present in the extract of Mulberry
leaves.[* Figure S2 (ESI) displays FT-IR spectra of
extract of Mulberry leaves. The IR frequency
appears at 3500-3350 cm™ (N-H stretching), 3600-
2500 cm™ (O-H stretching due to acid group), and
1680 cm™' due to C=0 stretching of the aspartic acid
group present as a major constituent in the extract of
Mulberry leaves. Figure S3 (ESI) shows H!- proton
NMR spectra of aspartic acid present as a major
constituent in Mulberry leaves extract. A small peak
observed at 7.26 ppm was due to traces of CHClI;
present as impurity present in CDCl; used as a
solvent. UV-visible, FTIR, and NMR studies reveal
that aspartic acid is present as a major component in
the extract of Mulberry leaves.

3.2. Gravimetric study

Table 2 shows the data obtained from a gravimetric
study on mild steel in 0.5 M HCI solution at
different concentrations of extract of Mulberry
leaves. Although the gravimetric study reveals a
rough estimate of CR and IE%, this technique is
very important in selecting the corroding medium,
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temperature, and time of exposure of the study.!*”
Results of the gravimetric study were compared with
well-established  polarization and impedance
spectroscopy techniques. To check and accuracy and
reproducibility of results, all the gravimetric
experiments were performed in triplicate. The
absolute and standard deviations were recorded for
each measurement. The maximum absolute
deviation observed was 0.05 in the case of blank
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measurement and the maximum standard deviation
observed was 0.02. Figure 1 shows CIE at different
concentrations of extract of Mulberry leaves. From
Table 2 and figure 1, it was noticed that CR declines
and CIE upsurges with the concentration of extract
of Mulberry leave i.e., 100 to 1000 ppm. The
maximum CIE observed at 1000 ppm concentration
was 91.62 %.

90
80—-
70—_ /‘
60—-
50-—
40-
30—-

20

Corrosion inhibition efficiency (%)

10

Mulberry leaves |

e

, T T T
0 200 400

Concentration (ppm)

T * T ' I
600 800 1000

Figure 1: CIE shown by Mulberry leaves extract at different concentration i.e.,
200 to 1000 ppm after exposing to 0.5 M HCl for 24 h

Table 2: Corrosion parameters obtained by gravimetric method for Mulberry leaves extract at
25°Cin 0.5 M HCI

Concentration w‘;‘g;rtaﬁ) ess Absplpte g;i?i?;i Prfz;sig;ﬂ M Corrosion rate CIE

(ppm) (mg) deviation (ca) measurement (mpy)

Blank 176.2 0.05 0.02 176.2+0.02 716.5 -
100 60.4 0.03 0.01 60.4+0.01 245.46 65.72
200 50 0.04 0.02 5040.02 203.19 71.63
400 43.3 0.03 0.02 43.340.02 175.96 75.43
600 42.3 0.02 0.01 42.310.01 171.9 76
800 32.3 0.02 0.01 32.3+0.01 131.26 81.68
1000 14.7 0.02 0.01 32.3+0.02 59.98 91.62

3.3. Polarization study

MS electrode was exposed to 0.5 M HCI solution for
approximately 1 h to attain persistent OCP w.r.t.
silver/silver chloride electrode. Figure 2 shows a

change in OCP w.r.t. time and concentration of
green inhibitor. A change in OCP from -520 to -620
mV with the concentration of inhibitor indicates that
more and more inhibitor molecules come in the
interface region and thus increase the film resistance
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and hence increase the OCP value. Figure 3 displays
Evans plot for cathodic and anodic polarization of
mild steel working electrodes. Table 3 shows
electrochemical polarization data of mild steel
specimens after exposure to 0.5 M HCI at different
concentrations of Mulberry leaves. The ico and CR
decreases but CIE and resistance polarization (R,)
increase with Mulberry extract concentration in the
corrosive medium. The green Mulberry leaves
extract shows a minimum of 47.23 % and a

Corrosion inhibition and adsorption mechanism of....

maximum of 91.57 % CIE at 100 and 1000 ppm,
respectively. The increase in CIE with extract
concentration signifies that more and more extract
occupies the mild steel/HCI interface region thus
forming a barrier film between mild steel and HCI
and thus reducing the corrosive attack of HCI on
mild steel.l***”) The increase in CIE with extract
concentration also suggests that the breadth of the
insulating film upsurges with concentration.

Blank
—— 200 ppm
620 —— 400 ppm
—=— 600 ppm
—— 800 ppm
600 —— 1000 ppm
o
<
=) 580
<<
w
>
> 560
£
5
o) 540
520
r T ¥ T ! T 5 T 7 T T T J T ¥ 1
0 50 100 150 200 250 300 350 400
Time (s)

Figure 2: OCP versus time for MS exposed to 0.5 M HCI at different concentration of
Mulberry leaves extract
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Figure 3: Tafel plots for MS exposed to 0.5 M HCI at different concentrations of
Mulberry leaves extract
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Table 3: Electrochemical corrosion parameters obtained by polarization technique for
Mulberry leaves extract at 25 °C in 0.5 M HCl

Concentration OCP (-mV) Leorr Pa -Be R, CR CIE
(ppm) wr.t. Ag/AgCl  (mA/em?) (mV/dec) (mV/dec) (Q/em?) (mpy) (%)
Blank 520 14.48 49.35 32.27 28.7 5.58 -

100 540 6.54 31.34 27.53 31.3 2.52 47.23
200 570 5.28 27.52 22.27 37.4 2.03 53.52
400 590 5.10 21.19 17.43 41.3 1.96 61.27
600 600 4.73 17.14 13.14 47.7 1.82 71.18
800 620 4.51 14.83 11.37 57.8 1.73 78.76
1000 567 1.41 11.35 07.57 61.7 0.47 91.57

3.4. Impedance study

Polarization and gravimetric study were supported
by the impedance spectroscopy technique.
Impedance spectroscopy is an advanced method to
analyze the structure of the metal/inhibitor interface,
mechanism of adsorption, and inhibition.[*84"]
Impedance technique was performed on the same
mild steel working electrode at OCP. The AC
frequency was varied from 0.1 to 10,000 Hz and
corresponding impedance and phase angle were
recorded in the form of Nyquist and Bode plots.
Table 4 shows impedance spectroscopy data of mild
steel working electrodes. The R., R,, and CIE
increase due to the upsurge in width of the

electrified interface due to adsorption of a greater
number of green inhibitors in the interface region
whereas Cy decreases (due to a decrease in dielectric
constant in the interface region) with green extract
concentration. Mulberry leaves extract shows a
minimum of 54.96 % at 200 ppm concentration and
a maximum of 90.67 % CIE at 1000 ppm
concentration. This increase in IE% with green
extract concentration proves an upsurge in film
resistance and the same was supported by an
increase in R.. Figure 4 shows the Nyquist plot
between real and imaginary impedance. Figure 5
shows a Bode plot between frequency and real
impedance for mild steel working electrodes. Figure
6 shows Bode phase shift at different concentrations

1] 20 40 60

=100 4
] ] ppm
] ®— 200 ppm
.80 _ —4&— 400 ppm
E ¥ 600 ppm
- —4— 800 ppm
60 —4— 1000 ppm
(3]
£
=
e i ey
£ SY 40 <
N Datar L PP o
: S Tag LY
. A, .‘\Q_ \
1 : . T
-20 3 ., ‘1‘ % 9.. *
3 » v
] [ v 4
E \‘{ i \ *
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80 100 120 140 160 180

2
Zag (OhM cm™)

Figure 4. Impedance plots of MS exposed to 0.5 M HCI at different concentrations of
Mulberry leaves extract
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Table 4: Impedance parameters for MS in 0.5 M HCI at different concentrations of Mulberry leaves extract

Concentration (ppm) R, (Q cm?) Cau (X 10°F cm?) Re (Q cm?) CIE 2]
Blank 241 98 2.76 - -
200 3.54 44.13 4.24 54.96 0.55
400 6.81 39.14 5.62 60.06 0.60
600 7.11 31.43 7.82 67.92 0.68
800 11.45 27.42 14.17 72.02 0.72
1000 15.57 9.14 15.84 90.67 091
—=— Blank
—o— 200 ppm
160 —a— 400 ppm
—v— 600 ppm
140 - —&— 800 ppm
—<— 1000 ppm
120
100+
NE J
O 80
G |
N 604
40
20
0 —
0.1 1.0
log f (Hz)

Figure 5: Bode plots of MS exposed to 0.5 M HCI at different concentration of
Mulberry leaves extract

of Mulberry leaves extract. Figure 6(B) shows the
corresponding Randle equivalent circuit model of
MS/HCI interface. From the Nyquist plots, it was
observed that the diameter of the semicircle
increases with green extract concentration. The R
increases with an increase in concentration. In
general, an increase in the concentration of inhibitor
in the interface region increases the heterogeneous
character, alters the structure and orientation of
dipole, reorientation of charges, surface roughness,
and dielectric constant of the medium."% The same
was happened in our case also supported by an
increase in R, R,, and decrease in Cy. The area
under the curve (Bode plot, figure 5) upsurges with
the concentration of green extract. Hence, CIE
upsurges with inhibitor concentration. The Bode
phase angle shift from 42 (Blank) to 153 Q/cm?
(1000 ppm). The R is in parallel with CPE and R; is
in series with CPE. As the value of both R and R
increases with green extract concentration and hence

minimizes the corrosion rate.
3.5. Surface study

To study the surface morphology of mild steel
specimens after exposure to 0.5 M HCI solution with
and without (Blank) Mulberry leaves extract, the
metallurgical microscopy (MM) technique was used.
The nature of erosion, surface roughness in the form
of pores, pits, cracks, and types of corrosion
(intergranular, crevice, uniform, etc.) was
investigated with the help of the MM technique.*!*%
Figure 7 shows MM images of corroded mild steel
specimens after being exposed to 0.5 M HCI
solution for 24 h with and without green leaf extract
of Mulberry leaves. Table 5 shows the MM surface
parameters of mild steel specimens were obtained
with the Meta-Plus software. In the blank mild steel
specimens, cracks and patches were visible which
were created due to corrosive attack of HCI. The
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Figure 6: Bode phase angle versus frequency (A) at different concentration of Mulberry leaves
extract and Randley equivalent circuit model (B)

Table 5: Surface study parameters of MS at different
concentration of Mulberry leaves extract by MM

technique
o Coatin Percentage  Pore
(coillll;ﬂotlr‘zion) thicknefs porosit)% length
(pm) (Yoage) (nm)
Blank 18.64 61.74 45.63
200 23.46 42.46 32.23
400 37.14 31.42 25.76
600 48.63 2791 21.32
800 61.84 23.7 17.46
1000 83.78 18.14 11.24

intensity of cracks and patches on the surface of MS
reduces with Mulberry leaves extract concentration.
The coating thickness increases from 18.64 (blank)
to a maximum of 83.78 um (1000 ppm). The

percentage porosity decreases from 61.74 % (blank)
to a minimum of 18.14 % (1000 ppm) with a green
inhibitor concentration. The pore length decreases
from 45.63 pm (blank) to a minimum of 11.24 pm
(1000 ppm). The surface data shows an upsurge in
the breadth of the insulating film with Mulberry
leaves extract concentration in the corrosive
medium. This is the probable reason for an upsurge
in CIE with the concentration of leaf extract. The
surface study parameters were supported by
impedance spectroscopy data.

3.6. Adsorption study

LAI and FAI study was performed to understand the
adsorption mechanism shown by the extract of
Mulberry leaves. The two types of adsorption i.e.,
physical or chemical can take place between the
inhibitor and mild steel. The validity of Langmuir
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adsorption isotherm proves chemical adsorption and  surface.’!! The help of experimental data from the
the validity of Freundlich isotherm proves physical impedance and polarization study was taken to find
adsorption of the green CI molecule on MS the degree of surface covered by the green inhibitor.

Mulberry leaves extract
(100 ppm)

o 3 &“ .‘ c'-‘ < o ’
Mulberry leaves extract Mulberry leaves extract Mulberry leaves extract
(200 ppm) (400 ppm) (600 ppm)

Mulberry leaves extract 7 Mulberry leaves extract
(800 ppm) (1000 ppm)

Figure 7: Metallurgical images of MS samples at different concentration of Mulberry leaves extract

The equilibrium constant of adsorption, Kgg, the

standard free energy involved in adsorption process AGRys = —RTIn(55.5 X Kaqs) (17)
(AG'us), standard heat of adsorption (AH’.4), Ko = —AHg4s n ASg4s (18)
standard entropy of adsorption (AS%w), and ads RT R
activation energy involved in adsorption were AG oss = AH' e — TAS s (19)
calculated by Eqn. (16-20): N
Cm _ 1 Cinn (16) log CR = logA — 305 T (20)
0 Kads
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The Langmuir isotherm was plotted between ¢/6
versus concentration of inhibitor (figure 8) by Eq.
(16). Figure 8 shows LAI and FAI for Mulberry
leaves extract chemisorbed on the MS. The
regression coefficient, R’ was linear to CI
concentration i.e., 0.997 which follows LAI, and
confirms monolayer chemical adsorption of Aspartic
acid present as major constituents in Mulberry
leaves. Table 6 depicts adsorption parameters of
Mulberry leaves extract on the MS.

The activation energy is very important in
deciding whether adsorption is kinetically or
thermodynamically controlled. “If the activation
energy is small then interface chemistry is said to be
kinetically controlled. If activation energy is large
then interface reactions are in thermodynamic
control. The chemical adsorption of green inhibitor
was possible due to the formation of a stable bond

Harish Kumar et al.

between a heteroatom of inhibitor molecule (N and
O atoms) and Fe atoms of mild steel”.’Y The
chemical adsorption of Mulberry leaves extract
tends to increase in AS’4. The significant free
energy of adsorption i.e., -23.46 klJ/mol proves
spontaneous and robustness of the adsorption. In
contrast, the significant E, that is 24.4 kJ/mol is
disfavoring the spontaneity of the adsorption.
Therefore, the adsorption of extract of Mulberry

leaves on mild steel surface was kinetically
0

(1-6)
physical adsorption of green inhibitors on mild steel.
Hence, from the adsorption study, it is concluded
that both types of that are physical and chemical
adsorption was possible on the MS surface. The
same conclusion was reached by the DFT study.

controlled. The log <1 (figure 8) signifies the

Table 6: Adsorption parameters (LAI and FAI) for Mulberry leaves extract (1000 ppm) adsorbed on MS in
0.5 M HCl at 25 °C

Temlzerature Slope R Kaas AG 45 AH 5 AS s E,
(°C) (L/mol) (kJ/mol) (kJ/mol) (kJ/mol. K)  (kJ/mol)
25 1.102 0.997 127.25 -23.46 -26.75 0.011 24.4
(A) (B)
2.5 - tf:llear fit of data 0.9+ - EﬁLar fit of data
2.0 0.8
- 151 % 0.7
1.0 :; 0.6
0.5 0-51
200 400 600 800 1000 0.4

Concentration (ppm)

200 400 600 800 1000
Concentration (ppm)

Figure 8: LAI and FAI for Mulberry leaves extract (A) and (B), respectively adsorbed on the surface of MS

3.7. Computational study

The experimental results were supported by the
computational study. The DFT study was carried out
on the geometry optimized structure of Aspartic
acid. The Frontier MO and MD simulation
techniques help study adsorption mechanisms and in
finding the attacking sites of the inhibitor
molecule." Aspartic acid has an almost planar
structure and contains two hetero atoms i.e., O and

N which contain lone pair of electrons and hence act
as a very suitable inhibitor molecule for adsorption
of mild steel.

3.7.1. Frontier MO study

The attacking sites of the inhibitor molecule are
decided by HOMO and LUMO of the Aspartic acid
molecule. Figure 9 represents geometry optimized
structure, electron distribution per atom, and van der
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Waal surface of Aspartic acid. Fig. 10 depicts the
electronic structure, cloud of HOMO, and LUMO of
Aspartic acid. Table 8 represents different chemical
interaction  parameters obtained from  the
computational study. Table 9 depicts theoretical
parameters like a dipole moment, kinetic energy
(KE), E, heat capacity, S, Ev», internal energy, and
heat content correction terms, etc.

The Mulliken distribution of charge per atom
decides the attacking site of adsorption. Table 7
depicts Fukui's function for radical and attacking
sites of Aspartic acid. Higher is the charge on the
atoms, greater is the adsorption capacity of that
green CLP3 The electron-donating capacity of
inhibitor molecule increase with increase in energy
of HOMO. The electron gaining ability of any green
CI increases with decrease in energy of LUMO.¥
The HOMO energy of Aspartic acid was significant,
and hence it has greater -electron-donating
capacity.® The fraction of electron transferred (AN)
provides information of transfer of charge from
Aspartic acid to MS (table 8).°%) The AN of Aspartic
acid was found to be significant (table 8), and hence
the transfer of charge is from Aspartic acid to mild
steel takes place.

The strength of Aspartic acid-MS interaction
depends mainly on the extent of electrochemical

Corrosion inhibition and adsorption mechanism of....

potential (p). The p of Aspartic acid was appreciable
and was responsible for high CIE. The high
eigenvalue of HOMO of Aspartic acid i.e., 7.71 eV
is the main reason for the high corrosion efficiency
shown by the inhibitor. A high global softness
parameter indicates that Aspartic acid acted as a
base and mild steel as an acid. The high energy of
interaction  further approves the significant
adsorption of Aspartic acid.l*”!

The electrophilic (LUMO) and nucleophilic
(HOMO) active sites of Aspartic acid were shown in
Figure 10. The CIE of the inhibitor depends upon
magnitude of AF,,,. The lesser is the AE,q,, the more
is the CIE of inhibitor.’® In the aspartic acid,
nucleophilic sites were present on the terminal
COOH group. The electrophilic sites were present
on another carboxylic group and its adjoining C
atom (figure 10). The electron loving (electrophilic)
and nucleus loving (nucleophilic) sites of Aspartic
acid prove that inhibitor can adsorb from terminal O
atom present adjacent to NH, group. The electron
releasing tendency of aspartic acid was observed
greater than the electron gaining tendency. A strong
physical and chemical adsorption of aspartic acid
takes place on the mild steel due to the high
possibility of back donation.

Aspartic acid

Van der Waal
surfaces per atom

Electron density
distribution per atom

Figure 9: Structure of Aspartic acid, van der Waals surfaces and Electron Density Distribution (EDD)
per atom, clockwise
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Table 7: Fukui parameters of Mulberry leaves extract for Fe (110) of MS

Nucleophilic Attack (+) Electrophilic Attack (-) Radical Attack (0)
Atom Mulliken Hirshfeld Mulliken Hirshfeld Mulliken Hirshfeld
C() 0.017 0.015 0.122 0.110 0.070 0.063
C(®2) -0.045 0.014 -0.017 0.047 -0.031 0.031
C@3) -0.052 0.035 -0.009 0.016 -0.030 0.026
N 4) -0.019 0.036 -0.015 0.014 -0.017 0.025
0(5) 0.062 0.057 0.359 0.365 0.211 0.211
0 (6) 0.028 0.033 0.087 0.112 0.058 0.073
C() 0.233 0.210 0.026 0.022 0.130 0.116
0 (8) 0.214 0.218 0.065 0.062 0.139 0.140
00 0.099 0.124 0.041 0.046 0.070 0.085
H (10) 0.028 0.015 0.052 0.042 0.040 0.029
H(@11) 0.067 0.055 0.026 0.020 0.047 0.037
H (12) 0.060 0.024 0.088 0.047 0.074 0.036
H (13) 0.035 0.016 0.057 0.031 0.046 0.024
H (14) 0.146 0.072 0.043 0.019 0.094 0.046
H (15) 0.065 0.036 0.034 0.020 0.050 0.028
H (16) 0.062 0.037 0.041 0.026 0.051 0.031

Table 8: Computational parameters of Aspartic acid for MS in 0.5 M HCIL.
(Standard basis set: B3LYP and hybrid functional: 6-31G(d) (6D, 7F)

Evvmo  Ervmo  AE

@V) (wev) (ev) [©EV) AEV) 7 (V) n(eV)

eV (eV) /mol)

AN E (k] ot AY  PA
Ad\ ™ » (au) (au) o~ (au) (eV) (eV)

7.71 4.07 3.64 7.1 -4.07 1.82 5.89

0.169 0.154 -75.5 3.761 0.304 0.2106 0.567 —0.137

AE: Energy gap, I: lonization energy, A: Electron affinity, y: Electrochemical potential, 77: Hardness, AN: Charge
transfer parameter, E,4: Adsorption energy, o: Electrophilicity, ®": Electron accepting tendency, o™ : Electron donating
tendency, AY: Metal Aspartic acid interaction energy, PA: Proton affinity.

3.7.2. MD Simulation study

Figure 11 shows adsorption locator configurations of
aspartic acid on Fe(l 1 0). Table 10 represents
adsorption constraints that are Epgsorprion (KJ/
mOl)' EBinding (kcal/mol), and Elnteraction
(kcal/mol) of aspartic acid. High Ej,¢eraction that is
-67.65 kcal/mol, and high Eginging and Exgsorption
that is 67.65 kcal, and -75.5 kJ, respectively
indicates a greater affinity for adsorption of aspartic
acid on mild steel. Small £, high S, and p prove the
physio and chemo sorption of aspartic acid on mild
steel. A high PA, AY¥, and E,; further confirms
strong physicochemical sorption and high CIE of
aspartic acid at a low concentration that is 200
ppm.’%*! The high dipole moment of 6.65 D was
due to the high order of polarity present in aspartic
acid (table 9). A low value of rotational constant (B
= 3.269 GHz) was due to a high moment of inertia.
A high heat capacity i.e., 32.3 cal.moll. K"

represents a high order of thermal stability of
aspartic acid and hence it can be suitable to adsorb
to MS even at high temperatures (table 9). A high
value of entropy (S = 94.03 cal.mol'.K™") signifies
that aspartic acid is a stable molecule and has an
independent existence in the gaseous phase.

The geometry optimized structure of aspartic
acid tells that the adsorption can be from the
terminal carboxylic acid group (figures 9 and 10).
The vacant 3d-orbitals of iron atom (MS) can
receive electrons. In reverse, w*- orbitals on the
terminal carbonyl group of acid can accept electrons
from d-orbitals present at the surface of MS.[”
Nearly flat and straight-chain of aspartic acid
molecule adsorb on iron leading to strong barrier
film of inhibitor molecules (figure 11).[6061 The
same was reinforced by the high energy of
interaction, Epindmng, and FE.q. parameters (table 10).
Figure 12 shows variation in Erw (Total energy),
EAvnTotal, VWenergy (Van der Waals enel‘gy), EElectrostat-,
and Eppamor. (Intramolecular energy) versus
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Aspartic acid
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Figure 11: Adsorption study of Aspartic acid on Fe (110) by the adsorption locator module (A): top view,
(B and C): side view

optimization steps. Average total energy decreases constant up to 240000 optimization steps.
from -43 kcal/mol to -65 kcal/mol after 50000 Intramolecular energy remains almost constant i.e., 9
optimization steps. Thereafter, it remains almost kcal/mol wup to 240000 optimization steps.
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Electrostatic energy was almost zero even after
240000 optimization steps. It is the van der Waals
energy that shows wvariation up to 20000
optimizations and thereafter becomes constant up to

Harish Kumar et al.

50000 optimization steps and then again shows
variation up to 80000 optimization steps and then
again become constant up to 100000 optimization
steps and so on.

Table 9: Computational parameters for Aspartic acid (CsH7NO4) for MS in 0.5 M HCI. Standard basis:
B3LYP and hybrid function: 6-31G(d) (6D, 7F)

° 2 a E = % Té = E = 2 5
o~ = 3 @ - = S = S o = o =2
Z 8 g =4 £ 2 z Bz  pv E £E 5 3 Sxzz £%
2 £ 5 ~ » 9 D g Q S T = S = £ o E 151
55 EIST 5% E £ 57 £Z2 i% 9~ 2% Eaé tz2Eé o
£ EE g ER g E 25 33§ SE 2w £E te3 385z 388
58 % 5 FE 2 7 E% EE % & fm E f 3ii if
S 5 2 S 3 S ) S 2 2 T X S ol 5§ & EHRS Ex
2’ g 2 By g m m = = = 3 é‘ 2 s 2 = g = 3 -
1~ [=] & M M o 5 N = = =0
463.41 3.2698 6.6568 -7.4901 1.047 4.662 133.0375 83.591 32.309 94.038  77.98993  0.133210 0.134155 0.089474
x10° x10!

The data reported in table 9 refers to calculations made in gaseous phase.

Table 10: Adsorption parameters obtained from adsorption locator module of Aspartic
acid on the Fe (110) atoms of MS

SyStems Einteraction (kcal/mol)

FEbinding (kcal/mol)

Adsorption energy, —E.q4s (kJ mol ™)

Fe-Aspartic acid -67.65

67.65 75.5

H,0O molecule = 150, hydrogen ions = 15, chloride ions = 15, aspartic acid molecule = 1,
simulation box = 39.56 x 39.56 x 75.63 A, forcefield: COMPASS, and simulation time = 200 ps.

Total Energy

famnd
5 -
E
=
= -
1S
3 ol | i |
> 1 I
& ol 0
g . Uil | | |
) Il
w r ﬂ”
. ‘,I.‘A w Uil
WWA "
TUMA
4 - —————— L —— i - e — - — ;
20000 40000 60000 80000 100000 120000 140000 160000 180000 200000 220000 240000
Step
‘—Tatal energy — Average total energy — van der Waals energy —— Electrostatic energy Intramolecular energy |

Figure 12: Total energy, average, van der Waals, electrostatic and intramolecular energy versus
optimization steps

4. MODE OF ACTION

Figure 13 displays the mode of adsorption of
aspartic acid on the mild steel. The adsorption
isotherm, impedance, MM, and computational
studies reveal the adsorption mechanism of aspartic
acid on the MS. The aspartic acid forms a stable and
uniform monolayer (LAI) on mild steel surface
proved by the increase in R, Warburg impedance,
coating thickness, E\iprarionas, thermal energy, AG s

and equilibrium adsorption constant (Kus;).0! A
strong donor-acceptor type bond was established
between the carboxylic group of terminal acid and
iron atoms of MS. The aspartic acid donates ¢~ to
vacant d-orbital of MS and MS in anticipation
donates its €~ to w* orbital of aspartic acid. The same
was confirmed by significant electrochemical
potential, global softness, and aspartic acid/mild
steel interaction energy parameters.
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0.5 M HCl solution

Physisorption \
Coordinate
covalenthbond

Chemlsorptlon
Uniform barrier
Aspartic acid «————— film of Aspartic
acid adsorbed on

Mild Steel sample after exposure
to 0.5 M HClfor 24 h.

"\ MS

Figure 13: Mechanism of inhibition of Mulberry leaves extract for mild steel in 0.5 M HCI

5. BIOCOMPATIBILITIES OF ACID-TREATED
WASTEWATER

“The maximum permissible limit of BOD and COD
in H>O is 30 and 250 mg/L. The BOD and COD was
observed by Eqns. (21 and 22).15"]

BOD = DO of BB — DO of SB after 5 days. (21)

8 X 1000 X DF, M, (Vg—V5s)
Volume of sample taken

COD =

(22)

Figure 14 shows results of biochemical testing of

——BOD
Equation ¥ =a+b% Linear Fit of Sheet1 B
Weight Instrumental -
25 Residual 1972231 .
Sum of 3 o
Pearson'sr  0.9873
20 Ad.RSqua ovo7283 »
Value  Standard Er F
= Intercept | €0727 019948 ~
P
Slope 13242 0.05909 -
= 154
=)
E
o 104
(o]
@
54
0-

Time (days)

waste acid left after corrosion tests. The BOD/COD
ratio of wuntreated acidified water provides
information about biodegradability activity of the
inhibitor molecule. Greater is the BOD/COD ratio,
higher is the biodegradability of the molecule. If
BOD/COD ratio lies between 0.24 - 0.36, then
organic content present in it can be biodegradable
easily.[*>*1 The BOD and COD and their ratio in
presence of 1000 ppm of aspartic acid were found
within the permissible amount i.e., 24.7, 87.6, and
0.28 mg/L, respectively.

—s—COD
Linear Fit of Sheet1 B ||

Equalion  y=a-5x {
100 4 Weight Instrumental

Res.dual 383921
90 o |Sumof

Pearson'sr 099929
80 | | Adi. R-Sguar 0.99839

Vave  Stwmndard B
Intercept | 9.4364 036104
704 B Slope 7.5669 0.10121

o Ve

)
£
& 504 /
o
© 401
30
20 1
10 . ‘ ; T T
0 2 4 6 8 10

Time (h)

Figure 14: BOD and COD of acid left after gravimetric study after addition of 1000 ppm of Aspartic acid

6. CONCLUSIONS

Morus nigra (Mulberry leaves) was explored as a
green CI for MS in 0.5 M HCI by experimental,
surface, and theoretical methods. The surface study,
thermodynamic and kinetic parameters were

investigated by MM, LAI, FAI, and MDS
techniques. The results obtained from the
experimental study were supported by different
theoretical (LAI and FAI) and computational (DFT,
MDS, FMO) techniques. Spectroscopic
characterization techniques like UV-visible, FTIR,
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and NMR prove that aspartic acid was the major
constituent present in Mulberry leaves extract which
was responsible for the high inhibition efficiency
shown by green inhibitor. The green inhibitor shows
91.62 % CIE at 1000 ppm concentration. The
aspartic acid acts as a mixed CI as it affects both
Tafel slopes. The Bode phase angle upsurges with an
aspartic acid concentration in the medium. The R
and R, upsurge with inhibitor concentration thus
proving an increase in coating thickness with the
concentration of green inhibitor. The surface
roughness, pores, cracks, pits intensity decreases
with green inhibitor concentration. The growth of
insulating film increases with Morus nigra
concentration. The theoretical and computational
studies prove chemical and physical adsorption of
aspartic acid on the MS. The chemical,
thermodynamic and kinetic parameters i.c., global
softness, electron-donation tendency, chemical
potential, aspartic acid/MS interaction energy, and
Ebinging, and adsorption power confirm the presence
of barrier film on the MS surface. The biochemical
activity of unused acidified water was found in an
acceptable limit.
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