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ABSTRACT

The present study is focused on the application of Passiflora vitifolia leaves to extract as an inhibitor for corrosion
of mild steel in 1M hydrochloric acid solution. Mass loss measurements reflect an inhibition efficiency of 97.1% at
12h of immersion and electrochemical measurement afforded a protection efficiency of 89.8% at 0.7% concentration
of the inhibitor. The adsorption of the Passiflora vitifolia leaves extract onto the mild steel surface obeyed
Langmuir adsorption isotherm. Thermodynamic parameters were also calculated and discussed. Potentiodynamic
polarization implied that Passiflora vitifolia leaves extract in 1M HCI behaved as mixed type inhibitor. The Nyquist
plots reflected an increase in charge transfer resistance and decreased double layer capacitance with an increase in
additive dosage. Surface morphological studies further implied the effectiveness of the inhibitor under study.
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INTRODUCTION

The serious consequences of corrosion, a naturally occurring phenomenon, tend to jeopardize the safety
of metals and inhibit technology progress as metals place a vital role in the world economy. Among the
acidic solutions, hydrochloric acid is the commonly used agent'- in industries to remove rust from the
mild steel surface. This tends to considerable damage to the metal surface. Literature reports that several
synthetic compounds have shown good anticorrosive activity but these inhibitors may cause reversible
and irreversible damage to organ system viz., kidneys or liver, or to disturb a biochemical process or to
disturb an enzyme system at some site in the body?. The toxicity may manifest either during the synthesis
of the compound or during its applications. These toxic effects have led to the use of natural products as
anti-corrosion agents which are eco-friendly and harmless. For this reason, plant extracts have attracted
the attention of researchers as ecologically acceptable corrosion inhibitors. Hence the present work is
proposed to evaluate the inhibitive nature of the selected plant extracts as an inhibitor for mild steel
corrosion in 1M HCI. Our research team has carried out several studies successfully in utilizing natural
products for mild steel corrosion inhibitor®'>.

Fassiflora species have been widely investigated for the presence of bioactive compounds in all the plant
organs, including leaves, flowers, fruits and seeds, and a series of flavonoids, glycosides, alkaloids, and
phenols have been reported'®?. Based on the above literature survey, the present study focuses on
corrosion mitigation of MS in 1M HCI using Passiflora vitifolia leaves extract.

EXPERIMENTAL

Material Selection
The selected MS specimen for the present study comprised of (weight %) - carbon 0.019%, manganese
0.352%, silicon 0.049%, phosphorus 0.019%, sulphur 0.013%, chromium 0.010%, molybdenum 0.008%,
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nickel 0.010%, Copper 0.026% and iron 99.33%. The coupons having dimension of 1 cm? were used for
electrochemical technique and 1 x 5 cm? was used for mass loss method. The specimens were prepared as
per the procedure reported [ASTM G1-03] *°.

Preparation of Plant Extract

Fassiflora vitifolia leaves (PAVL) were collected from the Maruthamalai area in Coimbatore and shade
dried. The plant specimen was authenticated in Botanical Survey of India (BSI/SRC/5/23/2012-
2018/Tech/1742). 500 mL of Imolar hydrochloric acid was added with 25g of powdered leaves and
refluxed for 3 hours. The extract was kept overnight for cooling, then filtered and made up to 500 mL
(5% extract).

Experimental Techniques

Mass Loss Method

Pre-weighed mild steel sample was immersed in 100 mL of the blank/inhibitor solution for a prearranged
time period as per ASTM G 1-23!. After a predetermined test period, the MS specimens were washed,
dried and reweighed.

Electrochemical Measurements

Potentiodynamic measurement and EIS measurements were performed using a Frequency response
analyzer (Biologic model V10.23) in a three-electrode setup. Platinum, saturated calomel electrode and
mild steel were employed as an auxiliary, reference and working electrodes respectively. For polarisation
studies, the measurements were undertaken by applying a potential range of -0.1v to -ImV and scan rate
of 2mVs'!. For EIS studies, a frequency range of 20 kHz to 0.1Hz at the OCP of the working electrode
was applied.

Surface Analytical Techniques

FT-IR Spectroscopy

FTIR was recorded using Shimadzu IR Affinity-1S Fourier Transform Infrared Spectrometer which
extended from 4000 and 400 cm. It was performed to identify the functional groups present in the plant
extract, while that of the corrosion products was done to ascertain the interaction between the metal and
the extract.

UV-Visible Spectrophotometer
The investigated plants and corrosion product were subjected to UV-vis spectrophotometric
characterization over 200-800 nm using AU-2701 UV-Vis Double beam spectrophotometer.

3D Optical Profilometer

Surface profiles and pores were studied using 3D Optical Profilometer. The MS specimen exposed in 1M
hydrochloric acid solution with and without the addition of PAVL extract for 3h was examined by Zeta
3D Profiler. The specimens were mounted the sample holder and 3D images were taken with 100x
magnified surface using operating program on the computer.

SEM and EDX

The surface topography of the metal surface in the absence and presence of PAVL extract was examined
by SEM (JEOL MODEL JSM 6360). The nature of the formed protective film on MS surface was found
out by EDX spectra.

Characterization of the Investigated Inhibitor

Phytochemical Screening of PAVL Extract

HPTLC, FT-IR and UV techniques were performed to characterize the PAVL extract.
Standard procedures were used to determine the phytochemical constituents present in the plant extract 3.
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HPTLC Technique
CAMAG HPTLC instrument with Win CATS version 1.3.4 software was performed to analyze
phytochemical components and its derivatives present in the leaf extract.

FTIR Spectroscopy
The inhibitor was characterized by FT-IR spectroscopy for identification of active functional groups. The
FT-IR study was carried out by using Shimadzu IR Affinity-1S Fourier Transform Infrared Spectrometer.

UV-Visible Spectrophotometer
UV-Vis spectral studies of the investigated plant extract were done using AU-2701 UV-Vis Double beam
spectrophotometer.

RESULTS AND DISCUSSION
Mass Loss Study
The effect of PAVL extract on the inhibition of MS corrosion was tested by mass loss measurement.
Table-1, Fig.-1 indicated the variation of corrosion rate (CR) and inhibition efficiency (IE) with an
increase in the concentration of PAVL extract. The corrosion rate decreased with increased concentration
of the PAVL extract. The IE increased from 92.3% to 97.1% for 0.7% concentration of PAVL extract.

Table-1: Inhibition Efficiency of Mild Steel in 1M HCl in the Presence and Absence of PAVL

Conc 1/2h 1h 3h 6h 12h 24h

CR |IE| CR |IE| CR |IE| CR |IE | CR | IE | CR IE
(%v/v) | (mpy) | (%) | (mpy) | (%) | (mpy) | (%) | (mpy) | (%) | (mpy) | (%) | (mpy) (%)
Blank | 4538 | - | 4405 | - | 2706 | - | 2625 | - | 2123 | - | 1707 -
0.1 623 | 863 | 431 |902| 269 |90.1 | 195 |92.6| 148 |93.0| 157 | 908
0.2 537 | 882 320 |927| 191 |93.0| 142 |946| 96 |955| 108 | 937
0.3 469 | 897 | 303 |93.1| 159 |94.1| 126 |952| 78 |963| 103 | 94.0
0.4 409 | 91.0 | 282 | 936 137 |950| 109 |959| 72 |966| 92 94.6
0.5 384 | 91.5| 256 | 942 | 131 |952| 94 |964| 64 |97.0| 01 94.7
0.6 375 | 917 | 252 | 943 | 117 |957| 92 |965| 64 |97.0| 82 952
0.7 350 | 923 | 235 | 947 | 112 | 958 | 82 |969| 63 |97.1| 79 95.4
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Figure. 1 Inhibition efficiency of PAVL on corrosion of MS in 1M HCI

An insight into the stability of PAVL extract with time may be gained by studying the effect of the extract
on MS specimen for various time of immersion. The results evaluated for the variation of mass loss with
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exposure time for the MS specimen immersed in 1M HCI with and without inhibitor are presented in
Table-1. A maximum IE of 97.1% was maintained till 12 h and then a slight decline was observed. But
the inhibition efficiency was found to stabilize at 24h to afford an efficiency of 95.4% demonstrating the
effectiveness of the inhibitor at longer periods of immersion.

Effect of Temperature

The effect of temperature on inhibition efficiency of PAVL extract in an acidic environment is depicted in
Fig.-2. The corrosion rate decreased by increased in PAVL extract at any given temperature. Analyzing
the temperature effect of PAVL, it can be noticed that the IE increased with increase in temperature up to
333K giving rise to 94.0% and then a slight decrease was noticed from 333K to 353K which then
stabilized to 90.8% at 353K. It was due to desorption of the adsorbed PAVL molecules at elevated
temperatures™.

Table-2: Effect of Temperature on MS Specimen in Acidic Medium with and without Addition of PAVL Extract

Conc 303K 313K 323K 333K 343K 353K
CR [IE| CR |IE| CR | IE CR IE CR IE CR IE
(%viv) | (mpy) | (%) | (mpy) | (%) | (mpy) | (%) | (mpy) | (%) | (mpy) | (%) | (mpy) | (%)

Blank | 4538 6585 9570 14884 20130 29819

0.1 623 86.3 904 86.3 | 1416 |852 | 2926 80.3 3796 81.1 7045 76.4

0.2 537 88.2 | 768 88.3 | 1152 | 88.0 1680 88.7 2712 86.5 4862 83.7

0.3 469 89.7 631 90.4 | 1007 | 89.5 1527 89.7 2337 88.4 | 4000 86.6

0.4 409 91.0| 546 |91.7 904 | 90.6 1484 | 90.0 1970 [90.2 | 3693 87.6

0.5 384 | 91.5 546 | 91.7 836 91.3 1228 91.7 1732 | 914 | 3301 88.9

0.6 375 91.7 478 92.7 725 92.4 1203 92.0 1612 92.0 3105 89.6

0.7 350 | 923 461 93.0 | 682 92.9 887 94.0 1552 | 923 2755 90.8
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Fig.-2: Effect of Temperature on MS in Acidic Medium with and without PAVL Extract
Energy of Activation
The effect of corrosion rate on temperature can be regarded as an Arrhenius — type process, the rate of
which is given by
Log CR=logA-E./2.303R q8)
Where, CR is the corrosion rate of MS, A is Arrhenius constant, E, is the activation energy,
R is the gas constant and T is the temperature.
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From the slope of Arrhenius plot (log CR vs. 1/T- Fig.-3a) E. values were obtained. Inspection of Table-3
revealed that the E, value increased with increase in PAVL extract. The E, values for the investigated
inhibitor were found to be higher than the blank implying the increased energy barrier of the corrosion
process due to the presence of PAVL extract. This was due to an electrostatic nature of the adsorbed
inhibitor on the MS surface* ¥, This inspection further supported the physical adsorption mechanism as
reported. Several investigators observed lower the values of E, with and without the addition of an
inhibitor solution were denoting the chemical adsorption mechanism, whereas the reverse statement

reflected a physical adsorption mechanism ¢ 37,
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Fig.-3a: Arrhenius Plot for MS / PAVL /IM HCl
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Fig.-3b: Transition State Plot for MS / PAVL /1M HCI

Langmuir Adsorption Model for Investigated Inhibitor

Langmuir adsorption equation relates to the degree of surface coverage to the concentration of inhibitor
according to equation (2):

Log (C/8) =log C - log K )

A plot of log (8/1-0) against log C from mass loss data obtained for investigated inhibitor yielded a
straight line as represented in Fig.-4. The slope was found to deviate from unity and it was due to the
interaction of the adsorbed molecules on the MS surface®®. Hence in the current study, the PAVL
molecule can be absorbed on the anodic and cathodic area and this may be the reason for deviation from
the unit gradient.
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Langmuir Adsorption Isotherm
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Fig.-4: Langmuir Isotherm Model for MS / PAVL /1M HCl

The entropy of Activation and Enthalpy of Activation
To calculate AH, and AS, for the corrosion process, the Arrhenius equation is used:

CR/T= R/Nh exp (AS./R) exp (AH/RT) 3)
Where h is the Planck’s constant, N is the Avogadro’s number, AS, is the entropy of activation, T is the
absolute temperature and R is the universal gas constant. The relationship between log (CR/T) against
1/T for MS acid corrosion in the absence and presence of PAVL extract is depicted in Figure 3b. Straight
lines were obtained from the slope of (-AH./2.303R) and an intercept of (log R/Nh + AS./2.303R). The
values of AH, and AS. were obtained from the slope and intercept of a straight line. From Table-3 it may
be noticed that the values of E, and AH, were close to each other as expected from transition state theory
and were also found to vary in a similar manner with PAVL extract but however, the value of AH, was
greater than that of E.. The positive values of AH, revealed that the reaction was endothermic nature of
the steel dissolution process and this confirmed that the dissolution of MS was difficult*® %°. AS, values
were negative and this indicated that the compounds present in PAVL extract absorbed orderly manner on
the surface of the MS (Table-3).

Table-3: Activation Parameters for MS Corrosion in 1M HCI in the Absence and Presence of PAVL

S. Conc Eo(KJ/mol) AH(KJ/mol) ASa(J/mol)
No. (%ovIv)
1. Blank 33.6 36.3 -18.1
2. 0.1 43.5 46.2 -20.3
3. 0.2 38.4 41.1 -20.5
4, 0.3 38.1 40.9 -22.5
5. 0.4 38.9 41.6 -21.2
6 0.5 37.0 39.7 -27.8
7. 0.6 37.2 40.0 -27.7
8. 0.7 35.9 38.6 -32.6

Thermodynamic Adsorption Parameters

The adsorption behavior of PAVL extract on the MS surface is essential to control corrosion reaction. A
plot of AG®.s versus T (Figure 5) was linear for MS acid corrosion using PAVL extract in acidic medium.
The slopes of the straight lines were equal to AS®us and intercept equal to AH .. The calculated values of
AGP®qs , AH%qs, AS°qs at all investigated temperatures (303-353K) for different concentration of PAVL
extract were listed in Table-4. The AG°.s value was negative which indicated that the adsorption of the
PAVL molecules on the MS surface was a spontaneous process. Generally, values of AG°qs around -20
kImol ™! or lower are consistent with the electrostatic interaction between the charged molecules and the
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charged metal (physisorption); those around -40 kJmol! or higher involve charge sharing or transfer from
organic molecules to the metal surface to form a coordinate type of bond (chemisorption)*!. In the current
study, the obtained AG°qs values were slightly higher negative than -20 kJmol! ranging from -19 to -23
kImol! which indicated that the adsorption process was physisorption. The obtained AH s values were
negative which identified that the adsorption of PAVL extract on metal surface was exothermic in
nature*’. The AS%qs values were negative which reflected that PAVL extract was absorbed well orderly
manner on the surface of MS and resulting in a decrease in entropy values. Table 4 revealed that
decreased in enthalpy and entropy were the driving force for the adsorption process +*.

Table-4: Thermodynamic Parameters for MS Corrosion in 1M HCI in the Absence and Presence of PAVL

Conc Free energy of adsorption - AG®.s (KJ/mol) ASP AHq5
ads
(VM) | 303k | 313K | 323K | 333K | 343K | 23K | ymor | KI/mol
Blank - - - - - - - -
0.1 21.8 22.5 23.0 22.8 23.6 23.5 -33.1 -12.0
0.2 20.5 21.2 21.8 22.7 22.8 22.8 -49.1 -5.8
0.3 19.9 20.7 21.1 21.8 22.1 22.3 -48.3 -5.5
0.4 19.5 20.4 20.7 21.1 21.8 21.7 -44.6 -6.2
0.5 19.1 19.8 20.3 21.1 21.6 21.4 -50.6 -4.0
0.6 18.7 19.7 20.2 20.7 21.3 21.1 -49.4 -4.1
0.7 18.5 194 20.0 21.1 21.0 21.0 -52.6 2.9
-AG ws T
24 -
23
“ar
= 22
E
- 21 -
=
o 20 -
=1
19 - = — —
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300 310 320 230 240 350 360
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Fig.-5: Best fit curves of -AG®.sVs T for MS / PAVL/ 1M HCI

Electrochemical Measurements

Potentiodynamic Polarisation Technique

Electrochemical studies were used to predict the nature of the inhibitor and to determine the suitable
mechanism for the inhibition process. The potentiodynamic polarisation curves reflected a slight change
in the anodic (b,) and cathodic (b:) curves with and without the addition of PAVL extract (Fig.-6 and
Table-5). This indicated that the inhibitor was able to suppress both the anodic dissolution and cathodic
hydrogen evolution. The results revealed that L., values decreased with increase in the concentration of
PAVL extract. Inspection of the values showed that Lo values decreased from 212A/cm? to 22A/cm?.
This indicated the inhibitor was able to minimize corrosion of MS in the investigated acid medium*.
A maximum of 89.8percentage of inhibition was obtained at 0.7% concentration of PAVL extract. No
significant shifts in the Ecor values were noticed in the presence of the inhibitor. In general, an inhibitor is
differentiated as cathodic and anodic inhibitor if the shift is more than 85 mV with respect to that of the
blank. In the current study, the Ec.r values were lower than 85 mV than the blank value, indicating the
mixed nature of the inhibitor®. R, values were found to vary from 1590hm/cm? for the uninhibited
solution to 7100hm/cm? for the optimum concentration of the inhibitor (0.7% PAVL). The inhibitor
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afforded an efficiency of 77.6 percentage. This might be due to the adsorption of active compounds
present in PAVL extract onto the metal surface*®.
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Fig.-6: Polarization Plot for MS / PAVL/1IM HCI

Table-5: Electrochemical Polarization Parameters for MS in 1M HCI in the Absence and Presence of Various
Concentrations of PAVL Extract

S. Conc Ecorr ba be Teorr IE R, IE
No. | (%v/v) | (Amp/cm?) (mv/dec) | (mv/dec) (Amp/cm?) % Q/em?® | (%)
1 Blank -444 78.8 115.9 212 - 159 -
2 0.1 -438 61.1 160.0 101 52.4 267 40.4
3 0.2 -447 70.8 171.4 79 62.7 276 42.4
4 0.3 -434 61.9 172.5 70 67.0 329 51.7
5 0.4 -430 61.5 178.7 64 69.8 335 52.5
6 0.5 -426 60.9 184.1 61 71.2 350 54.6
7 0.6 -418 55.4 174.8 49 77.0 379 58.0
8 0.7 -401 43.7 167.6 22 89.8 710 77.6

Electrochemical Impedance Measurements

The impedance parameters for MS/1IM HCI/PAVL obtained from Nyquist plots (Fig.-7) were collected in
Table-6. The observed impedance spectra exhibited a single depressed semicircle whose diameter
increased with increase in the concentration of the inhibitor implying a charge transfer process for the
corrosion inhibition process’. From Fig.-7, it can be noticed that the presence of the inhibitor did not
modify the corrosion reaction of MS electrode. The impedance parameters suggested an increase in
charge transfer resistance (R.;) values with increase in the concentration of the inhibitor. A maximum of
86.3 percentage IE was obtained at 0.7% PAVL. Single capacitive semicircle in Nyquist plot
corresponded to a single time constant in the Bode representation*®. A decrease in Cq values were noticed
with increase in PAVL extract concentration. This might be due to an increase in surface coverage which
increased the IE by the PAVL molecules of plant extract®.

The nyquist plot was analyzed by a simple circuit model depicted in Fig.-8 which included solution
resistance (Rs), charge transfer element (R.), constant phase element (CPE) and surface inhomogeneity
(n) and the values are tabulated (Table-6). Non-linear least square fit of equivalent circuit model as shown
in Figure-8 was employed for extracting impedance values from the Nyquist plot.
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Table-6: Impedance Values of Mild Steel Acid Corrosion with and without Addition of PAVL in IM HCl

Conc R; Y, n Ry 1E CPE/Cy 0
(%vIv) (Qcm?) (uF/cm?) (Qcm?) (%) (uF/cm?)
x10°
Blank 2.09 8071 0.84 19.7 - 89.4 -
0.1 2.81 5763 0.86 27.6 28.6 62.7 0.30
0.2 3.18 4865 0.84 32.7 39.7 50.0 0.44
0.3 2.92 4177 0.90 38.1 48.2 60.7 0.32
0.4 2.85 3778 0.91 42.2 53.2 63.4 0.29
0.5 3.10 2059 0.95 77.3 74.5 54.3 0.39
0.6 3.05 1369 0.98 116.3 83.0 58.8 0.34
0.7 3.64 1103 0.98 144.4 86.3 44.1 0.51
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Fig.-7: Nyquist and Bode Plots for MS/PAVL/IM HCI
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The double layer capacitance (Cq) decreased due to increase in double layer thickness via adsorption of
PAVL molecules on MS surface *°. The Cq values were obtained from equation (4):

Cdl =Yo (0) max) ol (4)
Where, Yois CPE coefficient, n is CPE exponent , @ is the angular frequency.

The thickness of the protective layer (d) is associated with Cq by the equation (5)

Ca =e&,A/d (5)
Where, ¢ is the dielectric constant and &, is the permittivity of the free space and A is surface area of the
metal.

When the inhibitor concentration was increased to 0.7% in the corrosive medium, the interface (t)
parameter changes while the capacitance (Ca) value decreased signifying that the charge and discharge
rates to the metal-solution interface was greatly decreased. This showed that there was an agreement
between the amounts of charge that can be stored (i.e. capacitance) and the discharge velocity in the
interface (t).The double layer between the charged MS surface and the solution was considered as an
electrical capacitor. The adsorption of PAVL molecules on the MS surface reduced its electrical capacity
because they displaced the water molecules and other ions adsorbed on the metal surface. The results of
the electrochemical studies were in good agreement with the results of gravimetric studies with slight
deviations. This was due to the difference in immersion period of MS in the aggressive media °'.

Surface Analysis

UV Spectral Analysis
T T T 3.0
2. —m—Corrosion Product
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—_ 1.
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g [0 2
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Fig.-9: UV-Visible Spectrum of Crude PAVL and Corrosion Product

Table-7: UV Visible Spectral Values of PAVL Extract and Corrosion Product

Inhibitor Absorption Band (nm)
Crude PAVL Extract Corrosion Product
PAVL extract 270, 250, 232, 200, 322, 308 238, 242, 375, 397

A UV-visible spectrum is used to analyze the formation of the Fe-PAVL complex and it was recorded for
0.7% of PAVL extract in 1M HCI solution before and after immersion of MS for 3h. (Fig.-9). The
absorption spectra of PAVL in 1M HCI before immersion of MS reflected two bands in the UV region.
These bands were obtained due to n— =n* and 1 — =w* transitions. The change in the position of the
absorption maximum was indicated the formation of a complex between the phytochemical constituents
of the plant extract and MS electrode 3% 3.
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FT-IR Analysis
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Fig.-10: FT-IR Spectrum of PAVL Crude Plant Extract and Corrosion Product

Table-8: FT-IR Spectral Values of PAVL Crude Plant Extract and Corrosion Product of MS in Acidic Medium
Observed IR Frequency (cm™) and Peak Assignment

Crude Plant Extract Corrosion Product/Mild Frequency Assignment
Steel/IM HCI

3977 3981 O-H stretching
3318 3603 N-H/O-H stretching
2924 3116 C-H stretching
2300 2314 -C=N stretching
1605 1635 C=C stretching
1512 1519 C-C in ring aromatic
1366 1381 C-O-C stretching
1045 1072 C-O stretching
633 - C=C bending

Figure.10 depicted the IR spectrum of the PAVL extract and corrosion product. Various adsorption modes
of the PAVL extract and the protective film formed on the metal surface after immersion in an acidic
solution containing 0.7 % PAVL extract and their corresponding frequencies were tabulated and analyzed
(Table 8). Analysis of the IR spectral data reflected the following points: The band at 3977 cm! shifted
to 3981 cm™ in the corrosion product. The adsorption bands at 2314 cm™ and 1635 cm™ pertaining to
C=N stretching and C=C stretching were noticed for the corrosion product. Also, a shift from 2924 cm™!
to 3116 cm™ was noted for C-H bending. A shift from 1366 cm™ to 1381 ¢cm™! indicated C-O-C stretch.
Some bands, for example, 633 cm™! corresponding to C=C bending vibration for the aromatic ring system
disappeared in the corrosion product. A peak shift from 1045 cm™ to 1072 cm™ indicated C-O stretching.
The interaction of the phytochemical compounds of PAVL extract with MS surface can be identified by
the shift in the adsorption frequency of the inhibitor on MS surface®.

3D Optical Profilometry

The three-dimensional optical profiler images of the MS surface with and without the addition of PAVL
in 1M HCI are depicted in Fig.-11 a, b and c respectively. Surface morphology of MS showed cracks or
depth on the MS surface which was due to the attack of acid on it (Fig.-11b). After the addition of
optimum concentration of PAVL, (Fig.-11c) the cracks on the surface of the metal were covered
homogeneously. Further, the MS surface was found to be smoother by the addition of the inhibitor
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solution. Furthermore, the average roughness on MS sample reduced from 17.28 um for MS without
inhibitor to 7.65um for MS with optimum concentration of PAVL. The decrease in R, value indicated the
adsorption of PAVL molecules on the MS surface (Table-9).

(a) Plain MS (b) MS/IM HC1

(c) MS/PAVL/IM HC1

Fig.-11: 3D Optical Profiler Images for MS/ PAVL / IM HCl

Table-9: R, and Ry Values for MS/PAVL/IM HCI

Average Roughness Root Mean Square Roughness
S. No. Samples Values, R, (um) R, (um)
1. Plain MS 2.558 3.140
2 MS in IM HCI 17.28 22.35
MS in IM HCl + 0.7%
3. PAVL Extract 7.65 10.16
SEM Analysis

Surface morphology of the MS sample before immersion in the test solution and of the MS sample in 1M
HCI with and without the addition of PAVL extract after 3h immersion time was recorded and presented
in Fig.-12a to 12c. The MS surface immersed in an acid medium in the absence of the extract (Fig.-12b)
showed defined corrosion pits reflecting a high degree of localized corrosion attack by the acid medium.
The observed corrosion pit was absent in the MS surface in which the PAVL extract was present in the
acid solution (Fig.-12c). The surface morphology of the samples immersed in an acidic solution
containing the extract (Fig.-12c) was observed to be very much alike in topography to that of the MS
before immersion in the acidic solution (Fig.-12b). This suggested the formation of a protective layer
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formed by the extract on the mild steel that tends to serve as a barrier limiting the extent of corrosion
attack by the acid solution®.

10V X100  100pm 200V X100  100pm 10 29 SEI

(a) Plain MS (b) MS/IM HC1

EHT = 500 kv Signal & = SE2 Date :10 Mar 2017
WD = B4mm Mag= 770X Time 131957

(c) MS/PAVL/IM HC1

Fig.-12: SEM Pictures of MS/ PAVL/ IM HCl

EDX Analysis

The chemical composition of the surface of the MS sample with and without the addition of PAVL
extract in 1M HCI solution was analyzed by EDX. The EDX spectra are shown in Figures-13a to 13c.
The EDX spectra of inhibited samples showed suppressed Fe peaks, when compared with the polished
and uninhibited mild steel sample. This suppression of Fe lines was due to the protective film formed on
the MS surface. The EDX spectra of inhibited MS sample contained the peaks corresponding to all the
elements present in the inhibitor molecules indicating adsorption of PAVL molecules on metal surface®.

Mechanism

The adsorption of the inhibitor depends on the factors like the chemical composition of the inhibitor, the
temperature and electrochemical potential on the metal/solution interface. In fact, the solvent water
molecules could also adsorb at a metal/ solution interface. Adsorption process can occur through the
replacement of solvent molecules from metal surfaces by ions and molecules accumulated near the
metal/solution interface. The anions get adsorbed when the metal surface has an excess positive charge in
an amount greater than that required to balance the charge corresponding to the applied potential.

The phytochemicals present in the PAVL extract are listed in Table 10. The results indicated that the
presence of phytoconstituents like steroids, flavonoids, alkaloids, terpenoids, saponins, phenols,
glycosides, cholesterol and polyphenols in the leaves and a moderate amount of flavonoids, terpenoids
and anthraquinones in the flowers extract. These were corroborated by literature survey>’.
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Element Wt% At%
Si 0.35 0.69
P 0.10 0.18
Mn 2.38 2.41
Fe 97.17 96.72

10

Spectrum 1

15

ull Scale 52658 ct=s Cursor: -0.063 (325 cts)

ke

(a) Plain MS

Element | Wt % At %
(0] 19.79 45.36
Fe 79.00 53.41
C 0.73 1.23
Si 0.48 0.73

5
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ull Scale 5265 ct= Cursor: -0.063 (265 cts)
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(b) Blank HCI

Element Wt % At %
C 8.90 25.65
O 9.11 19.99
Fe 81.99 56.36

0

2 4

Full Scale 18618 cts Cursor: 0.000

(c) Mild Steel /PAVL extract / 1 M HCI

Fig.-13: EDX images of MS/PAVL/IM HCl

Table-10: Preliminary Phytochemical Screening of the Crude Extract

S.No. PAVL Extract Phytochemical Constituents
1. Carbohydrates -
2. Steroids +
3. Flavonoids +
4. Alkaloids +
5. Terpenoids +
6. Saponins +
7. Phenols +
8. Glycosides +
9. Cholesterol +
10. Proteins -
11. Polyphenols +
12. Anthraquinones -

(+) = indicate presence; (-) = indicate absence
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UV-vis Spectrophotometer
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Fig.-14: UV Visible Spectral Details of PAVL Crude Plant Extract

Table-11: UV Visible Spectral Details of PAVL Crude Plant Extract
Inhibitor Absorption band (nm)
PAVL 270, 250, 232, 200, 322, 308

The UV-visible spectrum of PAVL crude extract is shown in Fig.-14 and their corresponding values were
listed in Table-11. UV-visible spectroscopy is an essential technique to analyze the nature of
phytochemical constituents present in the leaves extract. The results revealed that the major peak
appeared at 232nm and 250nm. Evidently, a peak at 232 nm was obtained by the electron transition of n
— o* in N and O atoms. The result inferred that the most important constitution compounds in PAVL
extract were flavonoids, alkaloid and other compounds containing N or O atoms®®,

FT-IR Analysis
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Fig.-15: FT-IR Spectra Values for PAVL Crude Plant Extract

The FTIR spectrum of PAVL is depicted in Fig.-15 and the observed frequencies are tabulated (Table-
12). A strong band at 3318 cm™! was attributed to N-H/OH stretching. An absorption band related to —CH,
stretching was noticed at 2924 cm’!. The strong band at 1605 cm™ corresponds to C=C stretching. Peaks
at 1512 cm!, 1045 cm™ indicated C=C stretching and C-O aromatic system. The peak at 633 cm’!
denoted C=C bending vibration of the aromatic ring system. FTIR spectral values revealed that PAVL
extract contained the functional groups such as C-N, C-O, O-H, N-H, C=N linkages and aromatic rings.
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Table-12: FT-IR Spectral Details of PAVL Crude Plant Extract

Observed IR Frequency (cm™) and Peak Assignment

Crude Plant Extract Frequency Assignment
3977 O-H stretching
3318 N-H/O-H stretching
2924 C-H stretching
2300 -C=N stretching
1605 C=C stretching
1512 C-C aromatic ring
1366 C-O-C stretching
1045 C-O stretching
633 C=C bending

HPTLC Analysis

The ethanolic extract of PAVL extract indicated the presence of ten different types of flavonoids with R
values 0.06, 0.16, 0.29, 0.39, 0.56, 0.83, 0.91, 0.96, 0.98 and 0.80. It was confirmed that the presence of
eleven different types of alkaloids with R values 0.02, 0.07, 0.17, 0.29, 0.34, 0.42, 0.45, 0.53, 0.87, 0.93
and 0.41. The PAVL extract showed nine different types of steroids with R¢values 0.09, 0.17, 0.30, 0.42,
0.70, 0.88, 0.94, 0.98 and 0.41. These results inferred that the extract showed flavonoids, alkaloids and
steroids in it (Fig.-16)*. These analytical techniques indicated the presence of several functional groups
namely O-H, C-H, -C=N, C=C, C-O-C, C-O etc that can act as an inhibitor. Aromatic compounds (which
contain the p electrons) undergo particularly strong adsorption on many electrode surfaces®. The bonding
can occur between the metal surface and the aromatic ring.
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(c) PAVL -Baseline Display
(Scanned at UV 366nm)
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(e) PAVL —Baseline Display (f) PAVL —Peak Densitogram Display
(Scanned at UV 366nm) (Scanned at UV 366nm)
Fig.-16: HPTLC Analysis of (a, b) Flavonoid, (c, d) Alkaloid and
(e, f) Steroid of PAVL Methanolic Extract

The exact nature of the interactions between a metal surface and an aromatic molecule depends on the
relative coordinating strength towards the given metal of the particular group present®'. In aqueous acidic
solution, PAVL exists either as a neutral molecule or as protonated molecules (cation). PAVL molecules
might be adsorbed on the metal and acid solution interface in the following ways: (a) Electrostatic
interaction of protonated molecules with already adsorbed chloride ions in the surface of MS (b) donor-
acceptor interactions between the vacant d orbital of surface iron atoms and p -electron of the aromatic
ring (c) interaction of unshared electron pairs of heteroatom with vacant d-orbital of iron surface atoms.

CONCLUSION

PAVL acted as an effective inhibitor for MS in 1M HCI solution and the extent of inhibition efficiency
was directly proportional to the concentration of the inhibitor. The inhibition efficiency increased with
increased inhibitor concentration and the maximum IE of 97.1% was observed at 0.7 % concentration of
PAVL extract. The adsorption of the inhibitor followed Langmuir adsorption isotherm. From Icor values
maximum inhibition efficiency, 89.8% was obtained at 0.7% concentration of PAVL extract. Nyquist
plots reflected that the charge transfer resistance values increased with increase in the concentration of
PAVL extract. The inhibition efficiency (IE %) measured from R values were found to be maximum at
0.7 % concentration of PAVL extract. In the current investigation, the PAVL extract played a major role
in reducing the metal dissolution as well as hydrogen evolution and protected the MS surface from
corrosion.
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