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Abstract: The corrosion inhibitory effect of Hemigraphis colorata (HC) leaves extract on mild steel in
1M HCI was investigated using mass loss measurements, ultraviolet-visible(UV) spectroscopy, Fourier
transform infrared spectroscopy(FT-IR), electrochemical impedance spectroscopy (EIS), and Tafel
polarization techniques at the temperature range of 303K-323K. The optimum inhibition efficiency of
HC extract at 303K, 313K, and 323K was found to be 90.2%,92.77%, and 93.73%, respectively, for the
maximum concentration of the extract. This suggests that inhibition efficiency was found to increase
with increasing concentration of the leaves extract at all the temperatures and increasing solution
temperature. The adsorption process complied with a Langmuir adsorption isotherm. Polarization
measurements suggest a mixed mode of corrosion inhibition. The activation energy and other
thermodynamic parameters were calculated for the process of inhibition. The adsorbed invisible layer
was investigated using scanning electron microscopy, which revealed better morphology of mild steel
in extract presence. Using energy-dispersive X-ray spectroscopy, the effect of HC extract on the
interfacial behavior of mild steel surface was analyzed.
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1. Introduction

Metals are highly prone to corrosion, which has been a significant problem facing since
the start of the industrial revolution. Corrosion can occur in various systems, including cooling
systems, oil production units, oil storage tanks, pipeline protection, refinery units, etc.
Corrosion causes damage to infrastructure and machines, which are usually expensive to repair,
costly in terms of loss due to contaminated products, loss in terms of environmental damage,
and possibly costly in terms of human safety. Corrosion is threatening the stability of the
industry’'s, putting employees and the environment's safety at danger. Corrosion is a mechanism
that involves a chemical or electrochemical reaction between materials, usually metal, and their
environment that produces a deterioration of the materials and their properties [1]. Material
damage can be prevented by using various approaches such as upgrading materials, blending
of production fluids, coating, process control, and chemical inhibition. Among these methods,
corrosion inhibitors are one of the most appropriate, effective, and economical ways of
mitigating corrosion problems in corrosive media [2]. Corrosion inhibitors are substances that,
upon addition to a corrosive environment, reduce corrosion rate to an acceptable level [3].
Several synthetic corrosion inhibitors have been successfully used to control the corrosion of
metals and alloys in various media. Large numbers of organic compounds having hetero atoms,
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conjugated n-bonds, and aromatic nuclei acted as promising inhibitors [4-6]. However, most
synthetic inhibitors are toxic, expensive, and hazardous to the environment. Hence health and
safety are major concerns when selecting corrosion inhibitors. This has prompted researchers
to find green alternatives that are non-toxic, biodegradable, cheap, and efficient [7, 8]. Thus,
corrosion inhibition is geared towards creating environmentally safe corrosion inhibitors that
offer high inhibition efficiency without a detrimental effect on the environment. Plant extract
is low-cost and environmentally safe, so the main advantage of using plant extracts as corrosion
inhibitors is that it is economical and safe for the environment. The inhibition potential of plant
extract is usually associated with the existence of phytochemical constituents. These
constituents often possess polar functionalities with heteroatom as well as triple or conjugated
double bonds or aromatic rings in their molecular structures, which serve as the primary
adsorption sites [9, 10]. Due to the high technological value of metals and alloys and the wide
range of applications it has, corrosion protection of metals and alloy has been a topic of research
for a long time. The literature study reveals several publications that describe the inhibitory
effects of several plant extracts on metals and alloys. Several plant leaf extracts have been
tested for their corrosion inhibition properties in acid media, including Cerumium rubrum,
Euphorbia heterophylla, Gongronema latifoliuim, Ochrosia oppositifolia and isoreserpiline,
Piper longum, Murraya koenigii, Phyllanthus amarus, Azadirachta indica [11-18]. The
purpose of the study is intended to find an effective alternative for conventional and hazardous
corrosion inhibitors. Hence, the current investigation selected a novel environmentally friendly
Hemigraphis Colorata (HC) leaf as an effective corrosion inhibitor. HC, commonly known as
a metal leaf, is a perennial herb chiefly grown as an ornamental plant belonging to the family
Acanthaceae, native to the eastern Malesia region, cultivated in India [19]. In south India, the
plant is known as Murikooti or Murianpacha due to its incredible potency to heal wounds. It is
claimed in folk medicines for various skin diseases; the leaves are ground into a paste and
applied on fresh-cut wounds to promote wound healing and used to treat anemia [20-22]. The
plant was known for its anti-inflammatory properties, antioxidant, anti-diabetic, and
antibacterial activity [23]. The current study investigates the anticorrosive properties of HC
leaves extract in 1 M HCI solution on mild steel corrosion.

2. Materials and Methods

2.1. Preparation of coupon.

The mild steel specimens employed in the present work with composition 0.18 % C,
0.6 % Mn, 0.04% P, 0.05% S, 0.1 % Si, and balance Fe was used for mass loss and
electrochemical studies. For mass loss, mild rectangular steel measuring 3x1.5x0.3cm was
used, while mild steel specimens embedded in epoxy resin with an exposed surface area of 1
cm? were used for polarisation and EIS measurement as working electrodes. Before beginning
the trials, the mild steel pieces were thoroughly wiped with various grades of emery paper
(grade 100-2000) to remove adhering impurities. It was then washed with deionized water, then
cleaned with acetone, and dried at ambient conditions before dipping it into the acid solution.

2.2. Preparation of corrosive solution.

Diluting laboratory-grade 37 % HCI with distilled water to yield 1 M corrosive HCI
solution. In each experiment, the concentration of the extract used was 0.1-1.0 g/L, the leaf
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extract was readily soluble in the corrosive medium, and the volume of the corrosive solution
utilized was 50 ml.

2.3. Inhibitor.

The fresh leaves from HC were congregated from a single tree, washed under tap water
and then with deionized water, cut into tiny parts, dried under sunlight for 4 days, and then
acquired dried leaves were ground into a powder with pestles and mortars. In the Soxhlet
apparatus, about 100 g of HC leaf powder was wrapped uniformly and placed in a thimble.
Next, the colorants of the leaves were extracted with 500 mL of distilled water for 6 hours at
60°C. After complete extraction, the extract was filtered; the solvent was evaporated and then
dried to obtain solid mass. Typical leaves of the HC plant are shown in Figure 1.

SF

Figure 1. Typical leaves of a HC plant.
2.4. Mass loss measurements.

Mild steel specimens that were polished and dried with dimensions of 3x1.5x0.3 cm
were weighed using a digital balance with a sensitivity of 1mg. After weighing precisely, the
mild steels were dipped in 1 M HCI for 24 hours at 303K in the absence and presence of various
concentrations of extract such as 100, 200, 500, and 1000ppm. After 24 hours, the
inhibited/corroded metals were drawn out from an acid medium, rinsed thoroughly with
deionized water, hot air dried, stored in a desiccator, and reweighed. For the calculations of
inhibition efficiency on a percentage scale, triplicate studies were performed, and the average
mass loss value was determined. in the absence and presence of various concentrations such as
100, 200, 500 and 1000ppm

2.5. Electrochemical measurements.

Electrochemical testing was performed in a three-electrode cell using Gill AC 1864 of
an ACM electrochemical workstation connected with a personal computer. The
electrochemical cell is comprised of three-electrode configuration with a mild steel specimen
as a working electrode (WE), a platinum electrode as an auxiliary electrode (AE), and a
saturated calomel electrode (SCE) as the reference electrode (RE). Each run was carried out in
aerated solutions at the required temperature, using a thermostatically controlled water bath
under stagnant conditions. Under the stagnant condition, corrosion product scale can easily
form, which is believed to play an important role in the corrosion inhibition mechanism and
kinetics. The mild steel was immersed in the test solution for 5-10 minutes until the open circuit
potential E was reached. The potentiodynamic current—potential curves were executed at a scan
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rate of ImV sec™!, and the potential was started from -250mV to +250mV versus open circuit
potential at different temperatures (303K, 313K & 323K). We carried out EIS measurements
at the open circuit potential between the frequency ranges of 100 kHz and 0.01 Hz using a
small amplitude of 10 mV AC signals at 303K and analyzing the impedance data with a Nyquist
plot. For the calculations of percentage inhibition efficiency, triplicate studies were performed,
and the best inhibition efficiency was reported.

2.6. Surface scrutiny.

To investigate the influence of the phytochemical constituent of the extract on the
corrosion phenomenon of mild steel, the photographs of fresh inhibited and uninhibited mild
steel samples were recorded using SEM-EDXS. Using CARL ZEISS sigma Field Emission
scanning electron microscopes, the morphology of steel samples was analyzed. The mild steel
specimens were immersed for 24 hours in 1M HCI solution without and with 1000 ppm of HC
leaves extract at 303K. After 24 hours, the mild steel was taken out of the test solution, rinsed
with di ionized water, dried, and submitted for SEM and EDX.

2.7. Extract characterization.

2.7.1. Infrared spectroscopy characterization.

Infrared Spectrophotometer-based methods are perhaps the most effective technique
for detecting functional groups in various compounds. FTIR spectra of the HC extract were
recorded using the same instrument was discussed in our prior paper [62]. In addition to the
HC extract, the protective layer of HC extract scraped from the metal surface after corrosion
was tested by loading the sample into an FTIR spectrometer at room temperature. FTIR peaks
were recorded for scans within the wavelength range 4000-400 cm™.

2.7.2. UV-Visible technigue.

The UV-visible spectra were recorded using a Shimadzu UV-1800 spectrophotometer
with a wavelength limited between 500 and 150 nm to assess the adsorption of HC extract
constituents on a mild steel surface in 1 M HCI. The spectra were obtained for 1 M HCI solution
containing 1000 ppm of the extract with and without mild steel sample immersed for 24 hours.

3. Results and Discussion

3.1. Mass loss measurements.

The acquired corrosion parameters by performing mass loss measurements for mild
steel without and with various concentrations of HC leave extract in 1M HCI at 303K are
tabularized in Table 1. The percentage inhibition efficiency 1 (%) was calculated using the
relationship [24]

n (%)= =2 x 100 (1)

Wi
where w; and w, are the mass loss values without and with the different concentrations of the
HC inhibitor, respectively. From Table 1, it was seen that amount of mass loss is found to
decrease with increasing the extract concentration, i.e., the inhibition efficiency increased with
the inhibitor concentrations.
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Table 1. Corrosion parameter calculated through mass loss in 1M HCI solution for mild steel with and without
various concentrations of HC leaves extract.

Inhibitor Loss of mass (g) 1 (%) Standard
Concentration Deviation
(ppm)
Blank 1.2431 - 1.8%
100 0.9924 20.1 2.1%
200 0.5412 56.2 1.9%
500 0.4790 61.4 1.9%
1000 0.1721 85.1 2.7%

3.2. Electrochemical measurements.
3.2.1. Open circuit potential (OCP).

The open-circuit potential time curves for mild steel in solution in the absence and
presence of different concentrations HC leaf extract is shown in Figure 2. Before
electrochemical impedance spectroscopy and potentiodynamic polarization measurements, the
working electrode should first be stabilized by immersion in the test solution for 30 minutes.
Compared to the blank condition, the open potential shifted positively in the solutions
containing inhibitor, which could be explained by the adsorption of HC leaf extract on the mild
steel surface[25]. Hence, the maximum OCP difference between the blank and HC extract is
51 mV. As a result, it can be said that the extract works as a mixed-type corrosion inhibitor
[29].
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Figure 2. Open circuit potential-time curves for mild steel in 1M HCI solution with various HC leaf extract
concentrations.

3.2.2. Potentiodynamic polarization measurements(PDP).

The consequence of varied concentrations of HC inhibitor on the anodic and cathodic
activity of mild steel in 1M HCI at 303K, 313K & 323K was studied, and the resulting Tafel
curves are shown in figures 3(a), 3(b) and 3(c) respectively. Electrochemical parameters
derived from these curves, such as corrosion current density (Icor), corrosion potential (Ecorr),
and Tafel slopes (Ba and B¢) are described in Table 2. The percentage inhibition efficiency (n
(%)) of leaves extract was calculated using the relationship given below [26], and their data are
mentioned in Table 2.

n (%) = Ieorr=I"corr x 100 (2)

ICOI'I'

where I, and I* ... are the corrosion current in the absence and in the presence of the
inhibitor, respectively.
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The corrosion rate (v¢orr) IS €valuated by the expression [27]

_kx M X Icorr
Veorr— Q x Z (3)

where k is a constant that defines corrosion rate, I, the corrosion current in cm2, Z number
of electrons transferred per metal atom, M atomic mass of the metal, and Q density of the
corroding materials. Results presented in Table 2 show that the extract serves as a good
corrosion inhibitor for mild steel in 1 M HCI solution, as the corrosion rate of the metal
decreased with an increase in inhibitor molecule concentration at all of the studied
temperatures. With an increase in the concentration and temperature, the inhibition efficiency
of HC leaves extract increases. Due to the physisorption of HC molecule adsorbed at low
temperature on the mild steel surface and shifted to chemisorptions at higher temperature [28].
Figure 4 shows the effect of temperature on the inhibition efficiency at varying extract
concentrations. The available data from Table 2 also shows that 1., was decreased with the
addition of HC leaves extract at all of the tested temperatures, and it continuously decreased
with increasing inhibitor concentration. The inhibitive ability, which is reflected by 1n(%),
markedly improved as the inhibitor concentration increased. Meanwhile, an inhibitor can be
classified as an anodic- or cathodic type when the difference in the Ecorr values of blank and
inhibitor is larger than £ 85 mV [29]. But in the present study, the largest displacement
exhibited by the extract was 74 mV vs. SCE, which indicated a mixed-mode of inhibition by
inhibiting both hydrogen evolution and mild steel dissolution reaction.
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Figure 3. Tafel curve for mild steel in 1M HCI solution at different temperatures a) 303 K; b) 313 K; ¢) 323 K
in the absence and presence of varied HC leaf concentrations.

Table 2. Mild steel polarization data in 1 M HCI at various temperatures along with different concentrations of
HC leaves extract.

Temperature | Concentration E corr Icorr Ba Be Veorr 1 (%) | Standard
of the medium | of the extract | mV/SCE (m (mV/dec) | (mV/dec) | (mmlyr) Deviation
(K) ppm Alcm?)
303 Blank -457.51 3.251 96.21 110.3 37.81 - 2.3%
100 -424.3 2.424 130.6 208.3 28.20 25.41 1.1%
200 -429.2 1.316 126.4 198.9 15.30 59.52 2.1%
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Temperature | Concentration E corr Icorr Ba Be Veorr n (%) | Standard
of the medium | of the extract | mV/SCE (m (mV/dec) | (mV/dec) | (mmlyr) Deviation
(K) ppm Alcm?)
500 -428.7 1.010 1155 1921 11.74 68.93 3.8%
1000 -442.8 0.3185 98.53 153.2 3.705 90.20 2.1%
313 Blank -418.7 5.370 1354 209.0 62.46 -- 1.9%
100 -466.4 3.711 152.2 1776 43.17 30.88 1.7%
200 -454.0 2.037 87.75 199.6 23.69 62.06 0.66%
500 -468.8 1.184 102.1 185.2 13.77 77.94 2.6%
1000 -468.0 0.388 89.29 149.7 4.513 92.77 2.2%
323 Blank -412.4 7.980 136.7 1747 92.83 -- 2.1%
100 -455.2 4.182 1241 232.9 48.64 47.59 3.4%
200 -457.5 2,511 109.9 2123 29.21 68.52 3.1%
500 -470.8 1.589 1174 163.7 18.48 80.08 0.98%
1000 -486.7 0.499 94.73 130.8 5.815 93.73 2.4%
I 303 K

I 313 K
. 323 K

T
oEffeciency

Figure 4. 3D illustration for the variation of the inhibition efficiency at different concentrations of HC leaf
extract in 1 M HCI over the temperature range 303-333 K.

Furthermore, by adding the extract to the corrosive medium, the fa and PBc values
change, indicating that extract controls mild steel corrosion by controlling the dissolution of
metals as well as the evolution of hydrogen via adsorption of inhibitor on the active sites of the
anode and cathode. So HC extract can be considered a mixed inhibitor form [30,31]. But the
study reveals that the change in values of Bc is somewhat more prominent than values Pa
suggesting that studied compounds act as mixed-type inhibitors [32,33].

3.2.3. EIS evaluations.

The corrosion behavior of mild steel in 1 M HCI solution in the presence of HC leaves
extract was investigated by EIS at 303K. The fitted Nyquist plots for mild steel in the absence
and presence of HC leaves extract in 1 M HCI at 303K as shown in Figure 5(a). Zsimpwin 3.20
Software was employed to analyze all the data in terms of the electrical equivalent circuit. An
equivalent circuit to fit the experimental EIS data is shown in Figure 5(b). In the used
equivalent circuit, Figure 5(c), R, is the uncompensated solution resistance R refers to the
charge transfer resistance, and CPE is the constant phase element.

CPE is often used in the place of a double layer capacitor to obtain a more accurate fit
as the C;; do not behave as an ideal capacitor [34]. The impedance of CPE is described by the
following formula [35]

_r (4)

ZePE = G
where Q is the magnitude also called the CPE constant, w is the angular frequency j2 = -1 is
the imaginary number, and n is the exponential term of a CPE that refers to phase angle, which
is applied as an indicator of surface heterogeneity
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Accordingly, CPE was used to represent the double layer capacitance (Cy; ). The value
of C,; can be determined from CPE based on the equation [36]

Ca = “/QX Ree! ™ 5)

The extract efficiency was obtained using the equation [37]

(%) = Rt%;t“” x 100 6)

where Rgy1y and R o) are the charge resistance at individual and zero concentration of
inhibitor. The main parameters deduced from an equivalent circuit, such as solution resistance
(R, ), charge transfer resistance (R, ), fit goodness (Y?), double layer capacitance (C,; ), phase
angle (n), and inhibition efficiency ( (%)) are listed in Table 3.
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Figure 5. (a) The fitted Nyquist plots for the mild steel corrosion in 1 M HCI with and without various

concentrations of HC leave extract at 303 K.(b) Equivalent circuit to fit the experimental EIS data. (c) The
circuit that fits the analyzed EIS data obtained for leaves extracts of HC in 1M HCI solutions.

Table 3. The fitted electrochemical impedance spectroscopy data for the corrosion of mild steel in 1 M HCI
solution containing different HC extract concentrations at 303K.

HC R, Rt Q x10-4 n Y2 Ca (P n (%) | Standard
Concentration | (Q/cm?) (Q/em?) | (Q Is"cm? (uF cm?) Deviation
(ppm) )
Blank 1.094 7.888 28.62 0.5492 0.00348 127.43 --- 2.8%
100 2.059 10.55 15.38 0.6025 0.00108 101.42 25.23 2.1%
200 1.914 19.18 11.38 0.6212 0.00274 109.54 58.87 3.6%
500 2.429 20.35 6.421 0.6798 0.00197 83.23 61.23 1.3%
1000 1.099 54.22 4,995 0.6559 0.00769 74.64 85.45 2.3%

The Y? values were used to evaluate the fitting quality to the electrical equivalent
circuit. Inall cases, the values of Y2 were very small, indicating a very high fit between received
impedance spectra and the proposed equivalent circuit [38]. This result is attributed to the
adsorption of the extract onto the metal /solution interface with increasing concentration [39].
For example, n = 0 represents the resistance, n = 1 represent the capacitance, n = —1 represents
the inductance and n = 0.5 represents the Warburg impedance. In our present study, values of
n in the absence and presence of inhibitor molecule range from 0.5492 to 0.6798. The deviation
from unity (ideal capacitive behavior) is attributed to the presence of surface inhomogeneity
and surface roughness[40]. The slight increase in n value in inhibited solution compared to the

blank medium can be explained by the adsorption of inhibitor on the steel surface, indicating
https://biointerfaceresearch.com/ 8 of 23
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that the surface heterogeneity changes insignificantly [41]. In this case, the n value ranging
between 0.6025 and 0.6798 indicates that the charge-transfer process controls the dissolution
mechanism of mild steel in 1 M HCI solution in the presence of extract. The decreased value
of Q in the presence of HC extract is probably due to a decrease in the local dielectric constant
and/or an increase in the thickness of the electrical double layer, which decreases the extent of
mild steel dissolution. Furthermore, the low values of Q suggest that extract molecules were
possibly replacing water molecules at the metal—solution interface. The Nyquist plot contains
semicircles with their center located on the x-axis, and their diameter increases with an increase
in the concentration of HC leaves extract, indicating a process of charge transfer that controls
the corrosion of metal, which insist that extract is adsorbed on the mild steel surface and a
stable protecting film is formed on the mild steel surface [42]. Increasing concentrations of
extract increase R, and 1 (%). Increasing the value of R, with inhibitor, concentration retards
the corrosion rate and suggests effective inhibition performance in the presence of extract [43].
Additionally, a decrease in Cy; in the presence of the explored extract is typically explained by
a drop in the local dielectric constant and an increase in the thickness of the electrical double
layer caused by the displacement of extracted molecules with water molecules during
adsorption [44]. The Bode plots (Bode phase plots and Bode modulus plots) obtained for mild
steel with and without HC leaves extract containing 1 M hydrochloric acid at 303K are
presented in Figure 6 and Figure 7, respectively.
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Figure 6. The fitted bode Phase angle plots of mild steel corrosion in 1 M HCI with and without different
concentrations HC leave extract 303 K.
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Figure 7. The fitted bode modulus plot for the corrosion of mild steel in 1 M HCI in the absence and presence of
different concentrations of HC leaves extract at 303 K.

Phase angle plots for inhibited and uninhibited mild steel are characterized by a single
peak, i.e., one constant time at the intermediate frequencies, whose broadening in the presence
of inhibitors molecules indicates the formation of a protective film on the steel specimens [45
https://biointerfaceresearch.com/ 9 of 23
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46]. Bode diagrams also show that the impedance modulus and the phase angle increase with
inhibitor concentration because of the upsurge of inhibitor adsorption on the mild steel surface
[47, 48]. According to the literature, an ideal capacitor would show a slope value of —1 and a
phase angle value of —90°. In the present study, a deviation from the ideal case is attributable
to the surface inhomogeneity and roughness arising from corrosion [49]. The standard
deviation of efficiency for mass loss, EIS, and PDP at various temperatures is shown in Figure
8 in the form of a bar chart.
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Figure 8. Standard deviation in terms of a bar chart for (a) mass loss; (b) EIS; (c) PDP at 303 K; (d) PDP at 313
K; (e) PDP at 323 K.

3.3. Adsorption model analysis.

The adsorption isotherm will provide basic details on how inhibitors interact with mild
steel surfaces. The ideal isotherm was recognized using the surface coverage values at different
concentrations of HC leaves extract in acid media at varying temperatures (303-323 K) to
determine the adsorption process. Various adsorption isotherms were fitted to the data between
surface coverage 0 and concentration C (mg/L) of inhibitors, including the Langmuir, Temkin,
Frumkin, and Freundlich isotherms. According to this isotherm, surface coverage 6 and
concentration of inhibitor are linked together by the following equations are expressed as
follows [13, 50].
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% = a + Cinn (Langmuir isotherm plot of %vs. Cinh ) (7)
0= %(log Ka4s +log C) (Temkin isotherm plot of 6 vs. log C ) (8)
log ;75= ylog € +log K (El-Awady isotherm plot of Z-vs. logC)  (9)
logb =nlogC + logK,,;s (Freundlich isotherm plot log 8 vs. log C ) (10)

Linear relationships for all tested isotherms are shown in Figures 9-12. R? values for
the various adsorption isotherms are listed in Table 4. Langmuir isotherm has a maximum
regression coefficient (R?) that is very close to 1, indicating that the Langmuir model is suitable
for describing the adsorption process. Langmuir adsorption confirms the formation of a
monolayer on the mild steel surface, and there is no interaction between the adsorbed extract
on the mild steel surface [51]. Therefore Langmuir plot is appropriate for evaluating the
adsorption equilibrium constant K, 4s. The Langmuir isotherm provides a straight line that does
not pass through the origin, signifying the non-ideal behavior of HC extract in the absorption
process [52]. The higher value of K, 45 suggests that the process of adsorption is preferred by
the forward direction. Hence it infers a strong interaction between the metal surfaces and
extracts [53].
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Figure 9. Langmuir isotherm plot %VS. Cinh-
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Table 4. R? values of different adsorption isotherms for HC leaves extract.

Temperature of the medium | Langmuir | Temkin | ElI-Awady | Freundlich
(W)
R? R? R? R?
30 0.949 0.892 0.6289 0.766
40 0.983 0.928 0.6774 0.812
50 0.996 0.956 0.6432 0.903

Table 5. Langmuir isotherm parameters for mild steel in 1M HCI containing various concentrations of the HC
leaves extract at different temperatures.

Temperatur(eogf)the medium AG%ads(kd/mol) Kaas (L /9)
30 -30.99 3980.1
40 -32.67 5114.0
50 -35.13 8673.7

The obtained values of K, 4 from the Langmuir, adsorption is related to the free energy
of adsorption AG, 4 according to the following equation [54]
AG,4s = —RT In(55.5K45) (11)
The values of K, 45 and AG, 4.are given in Table 5. The negative value AG, 4, indicates

the stability of the adsorbed layer on the steel surface and the spontaneity of the adsorption
process. In general, electrostatic interactions between an inhibitor and a charged metal surface

(physisorption) are typically thought to occur at a magnitude of AG. 4 around -20 kJ / mol or
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less negative. Whereas Chemisorption results around -40 kJ / mol or more negative are
indicative of charge sharing from organic species to the metal surface, leading to a coordinate
type of metal bond [55, 56]. The obtained free energy of adsorption ( AG,4 ) for HC leaves
extract ranges from -30.1 to -35.1 kJ/mol. So extract behave as a mixed type
(physiochemisorption) [57]. But AG, 4, value is moderately nearer to -40 kJ/mol. Therefore,

ads
an extract is predominantly adsorbed on the mild steel surface by a chemisorption mode [58].

3.4. Thermodynamic activation parameters.

Interaction between the mild steel electrode and the acidic media without and with the
extract can be altered by temperature. The mechanism of inhibition can be understood from the
data obtained from the thermodynamic aspects. The dependency of the corrosion rate on
temperature can be exhibited by the Arrhenius equation and transition-state equation as [59]

#
InCy = InA — [22] (12)
C _ [1y R 4 ASa] _ AHy
In8 = [In- + 22| - 22 (13)

T

where EXapparent activation energy, T absolute temperature, A Arrhenius pre-exponential
factor, R is the gas constant and Cy is the corrosion rate. N is Avogadro's number, and h is
Planck's constant. The E¥ values can be determined from the slop of Arrhenius plots In Cg vs.

1/T as shown in Figure 13. The plot of ln% Vs ;1 Figure 14 gives a straight line with a slope
of - %and the intercept ln%+% , from which AH, and AS,values were measured. The
calculated Ef | AH, , AS, are shown in Table 6. It is frequently assumed that an increase in
inhibition efficiency with temperature rise, coupled with the decrease in corrosion activation
energy in the presence of inhibitors compared to their absence, is indicative of the formation
of chemically adsorption films. Specifically, the mechanism ascribed to the lower inhibition
efficiency with temperature increase, and a corresponding increase in corrosion activation
energy in the presence of inhibitors compared to their absence, is described as physical
adsorption [57].

Table 6. Activation parameters for mild steel corrosion in 1 M HCI in the absence and presence of different
concentrations of HC leave extract.

SJ Concentration ppm E? (kJ/mol) AH,(kJ/mol) AS,(ImoltK™)
Blank 36.57 33.97 -102.6
100 22.29 19.69 -151.8
200 26.38 23.78 -143.5
500 18.37 15.77 -172.6
1000 18.30 15.70 -182.4

From the obtained results in Table 6, it is clear that E¥ values in the presence of the
different concentrations of the extract are lower than in their absence. Such behavior, coupled
with the trend of increased inhibition efficiency, is evidence of chemisorptions [60]. Enthalpy
of activation AH,is positive for all the extract concentrations, reflecting the endothermic nature
of the mild steel dissolution process, i.e., dissolution of mild steel is slow in the presence of
extract, and the endothermic process is attributed to chemisorptions [61]. The negative values
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of AS, indicate that the extract molecules form a stable film and are adsorbed orderly onto the
mild steel surface [62]. It is well noticed that the values of E¥ are greater than the analogous
values of H, suggesting that the corrosion process involved a gaseous reaction, simply the
hydrogen evolution reaction, associated with a decrease in the total reaction volume [63].
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Figure 13. Adsorption isotherm plot for In CR vs. 1/T.
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Figure 14. Adsorption isotherm plot for In (CR /T ) vs. 1/T.

In addition, the average difference value of the EX-AH,is 2.6kJ/mol which is
approximately around the average value of RT (2.63 kJ/mol). Hence corrosion process is
indicated as a unimolecular reaction with the evolution of hydrogen gas, as is defined by the
equation [12]

E#- AH, = RT (14)

3.5. Surface morphology of test specimen.

3.5.1. Scanning electron microscopy.

The scanning electron microscope images were recorded to establish the interaction of
extract molecules with the metal surface. Figures 15(a) and 15(b) depict the morphologies of
mild steel specimens after immersion for 24 hours in 1M HCI solutions without and with
1000ppm of HC leaves extract. It can be observed that the surface of mild steel in the absence
of the extract (Figure 15(a)) is highly damaged, there is the formation of different forms of
corrosion products (iron oxides) on the surface in the absence of the extract and a scale-like
black corrosion product covers the entire surface. However, in the presence of the extract, the
damage to the steel surfaces is significantly reduced (Figure 15(b)) reveals that the plant extract
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forms a protective film on metal surfaces which prevents the dissolution of mild steel in acid
media by forming a surface adsorbed layer.

ns  Mag= 100KX  WD= 35mm ﬁ 20 pm EHT= 600KY  SignalA=Inlens Mag= 1.00KX WD = 41mm ﬁ
(a) (b)

Figure 15. SEM image of Mild steel surface (a) immersed in 1M HCI for 24 hours (b) immersed in 1M HCl in
the presence of 1000 ppm HC leaf extract for 24 hours.

3.6. Energy-dispersive X-ray spectroscopy.

EDX images of the uninhibited and inhibited mild steel samples are shown in Figures
16(a) and 16(b), respectively. In the presence of the inhibitor, the intensity oxygen peak is
suppressed considerably. The suppression of the oxygen peak and enhancement in the intensity
of iron peak is attributed to the inhibitor film on the mild steel specimen, indicating the
adsorption of extract molecule on mild steel surface, forming a protective layer between mild
steel and acid solution and preventing dissolution of metal ions in the aggressive medium [64-
66]. By adding this HC extract, the O/Fe ratio has also decreased. This confirms the inhibitory
behavior of extract against the corrosion of mild steel in 1 M HCI.

TG 1 2 3 4 5 & 7 8 9 10 1
Full Scale 10339 cts Cursor: 0,000 Full Scale 10130 cts Cursor: 0.000 keV

€Y (b)
Figure 16. EDX image (a) mild steel exposed in 1 MHCI and (b) mild steel exposed in 1 M HCI in the presence
of 1000 ppm of HC leaf extract.

3.7. Extract characterizations.

3.7.1. FT-IR spectroscopy.

FT-IR analysis was performed to identify the functional groups present in the extract
and the corrosion product and to confirm the inhibition due to the interaction between the
extract and metal. IR spectrum of the extract and extract adsorbed on the surface of mild steel
is illustrated in Figure 17. The peak located at 3296.34 cm™ corresponds to O-H stretching in
alcohol. The peak at 2517.10 cm™ was assigned to O-H stretching in a carboxylic acid. The

peak that appeared at 1581.6cm™ is attributed to the N-H bend. The further peak at 1429.2 cm"
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Lis due to the aromatics ring's C-H stretching, and peaks at 1244.08 assigned have C—N stretch
in aliphatic amines. C-O stretching was noted at 1049 cm™.

110

a) HC extract
—— b) HC extract on mild steel|

b

2517.10

Transmittance(%)

32986.34

55 T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number(cm ™)

Figure 17. FTIR spectra of HC leaves extract and extract absorbed on the mild steel surface.

The prevalence of functional groups in extracts of HC is an indication of corrosion
inhibition characteristics. In the case of HC extract adsorbed on mild steel, it does not show
characteristic peaks. Many functional groups in the adsorbed film were missing, indicating
protective film formation on the mild steel surface. This is due to the formation of bonds with
Fe in mild steel in 1M HCI, making HC extract enviable for corrosion inhibition performance.

3.8. UV analysis.

UV-visible analysis confirms the complexing property of HC extract with the ions
dissolved in the corrosive solution [67]. UV-visible spectra before and after immersion of mild
steel samples in 1 M HCI solution containing 1 g/L HC extract with an immersion period of 10
hours were reported in Figure 18. In the UV-visible spectra, the appearance of one or more
peaks in the region from 200 to 400 nm is a clear indication of the presence of unsaturated
groups and heteroatom [68]. From the UV spectra, the absorbance of the corrosive medium
before the corrosion test is higher than the absorbance of the corrosive medium after the
corrosion test. It shows that some molecules from the solution have been adsorbed on the metal
surface when a mild steel sample was immersed into the acidic solution of HC extract. The
change in the absorbance value recommended the formation of a complex between the iron and
phytochemicals of HC extract [69]. Also, a significant change in the shape of the spectra before
and after immersion of mild steel indicates the possibility of forming an inhibitor layer over
the mild steel surface [70]. This prompts us to conclude that there is a possibility of forming a
complex between phytochemicals of HC extract and the iron ion, which contributes to the
inhibitive action.

f— a)Before immersion|
|=—— b)After immersion |

Absorbance (a.u)

T T T T T T
150 200 250 300 350 400 450 500

Wavelength(nm)

Figure 18. UV-Visible spectrum for HC leaf extract in the absence and presence of mild steel.
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3.9. Mechanism of corrosion inhibition.

The interface between metal and corrosion solution in free acid is an active dissolution
state. Corrosion protection mainly depends on the concentration of the corrosive medium,
stability, molecular size, adsorption centers, electronic structure of the inhibitor, and so on. HC
leaves extract is rich in flavonoids, phenolic acid, alkaloids, and carbohydrates [19]. These
phytochemicals contain heteroatoms like S, O, N, H, etc. These heteroatoms tend to reduce or
inhibit the metals dissolution process. The extract molecules can be adsorbed on the mild steel
chemically, physically, or through both mechanisms. The adsorption process of the inhibitor is
a displacement reaction, where the molecules of the inhibitor replace the water molecules on
the metal surface, which can be expressed according to the following equation [71]

Inh (sol) + n H20 (ads) <« Inh (ads) + H20 (sol)

In the present work, the HC leaf extract contains many phytocompounds; hence it is
difficult to describe a particular component responsible for corrosion inhibition activity. Figure
19 shows the schematic diagram of corrosion protection of mild steel dipped in 1 M HCI
medium with HC leaf extract.

Blank Mild steel surface HC leaf extract adsorbed on mild steel

Figure 19. The schematic diagram for the adsorption of HC leaf extract on a mild steel surface.

The adsorption model analysis and thermodynamic activation parameters show that
inhibition activity of phytocompounds from HC leaf extract is typically a mixed type with
predominantly chemical adsorption. Hence photochemical constituents are effectually
adsorbed on mild steel surfaces forming a protective layer and acting as eco-friendly effective
corrosion inhibitors

3.10. Comparative efficiency study.

The inhibition efficiency of the HC leave extract is compared with other green corrosion
inhibitors reported in the literature. Anti-corrosion efficiency of Allium sativum [72] extract
has been examined for mild steel in 1 M HCI; its protection efficiency was found to be 76.47%.
Xylopia ferruginea [73] also showed 93% inhibition efficiency on mild steel in 1M HCI. Henna
extracts [74] exhibited 92.06% corrosion inhibition efficiency for mild steel in 1 M HCI. The
inhibitive action of Aspilia Africana [75] leaves extract on the corrosion of mild steel in 1M
HCI solution at room temperature and 60°C. The mass loss technique studied it and showed
good inhibition efficiency values of 88.1% at room temperature and 91% at 60°C. The
inhibition potential of aqueous extract of Pisum sativum (green pea) peels [76] for corrosion of
mild steel showed inhibition efficiency of 91% for mass loss; 87% for polarization method,
and 90% for EIS in 1 M HCI at 400 mg/L extract concentration. This study obtained the highest
inhibition efficiency values of 90.2 % at 313 K and 93.7% at 323 K with 1000ppm of HC leaves
extract on mild steel. Hence aqueous extract of HC leaf is considered a novel, high-
performance, renewable, eco-friendly green corrosion inhibitor.

https://biointerfaceresearch.com/ 17 of 23


https://doi.org/10.33263/BRIAC132.200
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC132.200

Another important point is that unlike aqueous phase extraction of HC leave extract,
non-aqueous solvents are necessary for extracting many of the green inhibitors, which increases
the cost and leaves negative environmental impacts. But the present study has focused on the
low-cost corrosion inhibition performance of leaf extracts from an environmental viewpoint to
avoid negative impacts from non-agueous solvents. Besides, phytocompounds from HC leaf
extracts can be naturally biodegradable along with their simple and safe extraction process.

4. Conclusions

A new green agueous extract of Hemigraphis Colorata leaf showed a significant
corrosion inhibition activity in 1 M HCI in the current study. Electrochemical experiments
revealed the concentration-dependent protection inhibition efficacy of HC leaves extract. The
inhibition efficiency of the extract by PDP, EIS, and mass loss methods was found to be 90.2
%, 85.45%, and 85.1%, respectively, at 1000 ppm for 303 K. The inhibition efficiency of HC
leaf extract improved with higher concentration and higher temperatures. Temperature effect
shows that HC leaves extract exhibited a maximum efficiency of 93.73 % at 323 K. From an
environmental viewpoint, aqueous extract HC leaf is considered a novel, non-toxic, renewable,
economic, eco-friendly green corrosion inhibitor for mild steel in 1 M HCl as it avoids negative
impact from non-aqueous solvents. Due to its biodegradability and eco-friendliness, HC leaves
extract gained significant attention regarding corrosion prevention. Potentiodynamic
polarization study revealed that the investigated extracts are mixed-type inhibitors with
predominantly cathodic inhibitive effects. The HC leaf exhibited monolayer surface coverage
and was confirmed by the Langmuir isotherm. The negative value AG, 4 suggests the stability
of the adsorbed layer on the mild steel surface, and HC leaves extract adsorbed spontaneously
on the mild steel surface. The calculated adsorption energy of extract is found to be in the range
of -30.1 to -35.1 kJ/mol, which indicates extract is adsorbed on the metal surface by both
physisorption and chemisorption mechanisms. FTIR and UV-visible spectroscopy analyses
indicated that the extract molecules were adsorbed on the mild steel surface to form a protective
layer. SEM and EDX analysis provided evidence for forming a protective film of HC leaf
extract on a mild steel surface, which shields the metal surface from direct contact with the
acidic environment.
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