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a b s t r a c t

The inhibiting capacity of Tinospora cordifolia extract (TCE) was evaluated on mild steel in 1 M HCl and
0.5 M H2SO4 by physicochemical and electrochemical techniques and by utilizing statistical tools such as
response surface methodology and the Box-Behnken design (BBD). Surface properties were ascertained
by scanning electron microscopy and atomic force microscopy to confirm the adsorption performance of
the inhibitor molecules on the surface of the metal. Experimental results were found to agree with
quantum chemical calculations of the active principle of TCE, Tinosponone. Weight loss measurements
exhibited extreme inhibition power of TCE as 94.73% and 82.53% in 1 M HCl and 0.5 M H2SO4, respec-
tively, at 5 v/v% concentration at 303 K. Electrochemical impedance spectroscopy (EIS) studies were
agreed with weight loss measurements as EIS showed an inhibition efficiency of 93.51% in 1 M HCl and
88.68% in 0.5 M H2SO4 solutions. Electrochemical studies were evident that TCE can hinder reactions of
the cathode and anode of mild steel. Kinetic and thermodynamic studies indicated the mixed-type
adsorption behavior of TCE on mild steel by following the Langmuir adsorption isotherm in both acid
media. The BBD method was applied to verify the impact of three test factors, temperature, TCE con-
centration, and acid concentration, on inhibition efficiency of mild steel in HCl medium. Experimental
and theoretical results confirmed the anticorrosion potential of the environment-friendly inhibitor TCE.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, the regulation of metal corrosion has a great
interest in the field of scientific research. Ready availability, notable
mechanical strength, and affordable cost make mild steel a widely
used alloy in industrial applications. However, the deterioration of
mild steel remains a critical issue for the community by considering
safety and economic matters. Acid media are used for cleaning
purposes of boilers andmassive equipmentmade frommild steel in
large-scale production units. However, they cause metal corrosion
[1]. Mitigation of metal corrosion during acid treatment requires
appropriate acid solutions. Various researchers have been reported
du.in (V. Thomas K),
that Schiff bases derived from heterocyclic compounds, such as
derivatives of imidazole, pyridine, furan, thiophene, and so on, are
efficient to protect the metal from corrosion. Still, their high-cost
synthesis and hazardous influence on the atmosphere and human
beings make them unfriendly inhibitors [2]. The application of
extracts from natural products such as leaves, fruits, stems, seeds,
and roots as green corrosion inhibitors can overcome the limita-
tions of the synthetic inhibitors. Plant products can adsorb the
surface of the metal either by physical or by chemical adsorption
[3]. This shielding behavior of the natural products on the metal
surface is due to numerous phytochemicals in it, which can interact
with the metal surface by donating a lone pair of electrons of
heteroatoms and unsaturated and aromatic systems. Thus, the use
of eco-friendly corrosion inhibitors has a significant role in chem-
ical research.

For example, Pimenta dioica exhibited 86% inhibition potency at
a concentration of 400 ppm [4]. Aloe vera exhibited a maximum

Delta:1_E
Delta:1_E
Delta:1_G
Delta:1_C
Delta:1_I
Delta:1_A
mailto:vidhyathomas@stjosephs.edu.in
mailto:jobythomask@stthomas.ac.in
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtsust.2021.100076&domain=pdf
www.sciencedirect.com/science/journal/25892347
https://www.journals.elsevier.com/materials-today-sustainability
https://www.journals.elsevier.com/materials-today-sustainability
https://doi.org/10.1016/j.mtsust.2021.100076
https://doi.org/10.1016/j.mtsust.2021.100076


Fig. 1. Structure of tinosponone.
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inhibition power of 88.9% for the mild steel and 99.1% for stainless
steel in H2SO4 medium [5]. Radish leaf extract also revealed metal
protection ability up to 93% at 300mg/L in 0.5MH2SO4 solution [6].
Pulp of jujube extract exhibited 93% inhibition performance at a
concentration of 1 g/L for copper in 1 M HCl medium [7]. Electro-
chemical studies and the surface morphological studies of low
carbon steel revealed 96.62% inhibition performance at 500 mg/
L concentration of Citrus sinensis [8]. The aqueous extract of Law-
sonia leaves showed 95% metal protection ability on carbon steel,
nickel, and zinc in acidic, neutral, and basic solutions [9]. Olea
europaea extract exhibited 93% inhibition potency on carbon steel
in 2 M HCl solution [10]. Eclipta alba extract showed 99.6% anti-
corrosion property on mild steel in 1 N HCl [11].

Table 1 introduces some reference works in recent years about
plant extracts as corrosion inhibitors [12e21].

It is monotonous to optimize the entire variables under study to
acquire a suitable systemwith improved performance practically. It
requires a large number of trials for attaining maximum parameter
mixes. This approach is worthless and inconvenient. For this
instance, statistical methods and an appropriate design of experi-
ments make it easier to collect data about the optimization setup.
Response surface methodology (RSM) is a collaborative method
between statistics and mathematics advantageous to the develop-
ment, refinement, and optimization of process factors and recom-
mends evaluating a combination of a large number of factors with
minimum trials. Therefore, it is time- and cost-effective for the
optimization of the process. Many researchers have practiced RSM
to investigate the impact of various parameters on the system's
properties and optimize the test parameters, reducing corrosion
rate and elevating the inhibition efficacy. For example, Terminalia
chebula Ritz. extract showed maximum corrosion inhibition po-
tency of 83.24% with the inhibitor concentration of 500 ppm and
H3PO4 acid concentration of 0.5 M at 30 �C by RSM, and it was in
line with the experimental data [22]. Garcinia indica Choisy extract
exhibited the highest inhibition capacity of 86.19% with an extract
concentration of 0.5g/L in 0.5 M phosphoric acid at 50 �C as opti-
mum conditions by RSM, and it was in good agreement with
observed data [23]. The bitter kola leaf extract revealed amaximum
inhibition power of 88.24% in the HCl environment by the RSM
optimization technique, which matched with electrochemical
studies [24].

The point of this perusal is to investigate the applicability of
Tinospora cordifolia extract (TCE) as an effective environmentally
friendly corrosion inhibitor for mild steel in 1 M HCl and
0.5 M H2SO4. This work presents corrosion inhibition behavior of
the non-toxic and biodegradable inhibitor TCE using modern
corrosion analyses such as electrochemical noise spectroscopy and
statistical analysis. Although the research world has revealed me-
dicinal characteristics of Tinospora cordifolia leaves, their corrosion
resistance properties with various competencies are not yet
investigated [25]. Tinospora cordifolia belongs to the
Table 1
Some reference works of plant extracts in recent years.

Extracts Metal Med

Eucalyptus leaf Mild steel 0.5
Rosa canina fruit Mild steel 1 M
Ficus tikoua leaves Carbon steel 1 M
Mangifera indica Mild steel 1 M
Esfand seed Low-carbon steel NaC
Rice straw Low-carbon steel 3.5%
Papaya leaves Copper 0.5
Papaver somniferum Mild steel 1 M
Citrullus lanatus fruit Mild steel 1 M
Juglans regia green fruit shell Mild steel 3.5%

2

Menispermaceae family. Even though it contains multiple chemical
compounds such as berberine, tembetarine, tinocordioside, tino-
sponone, syringin, magnoflorine, 20-hydroxyecdysone, and so on,
the active principle of the Tinospora cordifolia leaf is tinosponone
[26]. The structure of tinosponone is given in Fig. 1. The presence of
myriads of phytochemicals causes antineoplastic, antidiabetic,
hypolipidemic, antioxidant, and anti-inflammatory effects. This
prompted us to select Tinospora cordifolia as a corrosion inhibitor.
Acid solution is the widely used aggressive medium for pickling,
cleaning, descaling, and oil well acidification. Therefore, we
selected HCl and H2SO4 as the corrosive medium. Weight loss and
electrochemical measurements determined the pace of corrosion
on mild steel with various concentrations of TCE at room temper-
ature. In addition, the synergistic effects of TCE concentration, acid
concentration, and temperature on the corrosion inhibition po-
tency were evaluated using RSM and surveyed with critical statis-
tical tools.

2. Experimental method

2.1. Preparation of TCE

Leaves of Tinospora cordifolia were washed, withered at room
temperature, and ground to a fine powder. Five grams of powder
was weighed and refluxed for 4 h in 100 ml ethanol. It was filtered
and concentrated to 50ml by staying overnight. The concentrations
made for the analysis were 1e5 v/v%.

2.2. Preparation of mild steel coupons

Weight percentage of the mild steel used was as follows: car-
bond2.95% and irond97.05%. A mild steel metal sheet was cut into
1 cm2 area coupons, and then they were smoothened using
different grades of abrasive material, such as 100, 220, 440, 800,
1,000, 1,500, and 2,000, and cleaned with distilled water and
acetone.
ium Inhibition efficiency Year

M H2SO4 and H3PO4 91% (0.4 mol/L) 2020
HCl 80.5% (800 ppm) 2019
HCl 93.8% (100 mg/L) 2019
HCl 92% (1,000 ppm) 2019
l solution 98.8% (300 ppm) 2020
NaCl 92% (1.5 g/L) 2019

M H2SO4 95.5% (150 mg/L) 2021
HCl 97.64% (600 ppm) 2020
HCl 91% (800 ppm) 2019
NaCl 94% (1,000 ppm) 2019
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2.3. Preparation of acidic media

Analytical pure (Merck) HCl and H2SO4 were used for preparing
1 M HCl and 0.5 M H2SO4. The volume of acidic mediawas 50 ml for
weight loss measurements. The influence of temperature on the
rate of corrosion was analyzed at various temperatures, 303 K,
313 K, 323 K, and 333 K.

2.4. FTIR spectroscopy

The IR spectrum of TCE was examined using the Shimadzu IR
Affinity-1 model FT-IR spectrophotometer.

2.5. Weight loss measurement

Weight loss corrosion studies were conducted with and without
1e5 v/v% concentrations of TCE in both acid solutions for a 24-
h immersion period at different temperatures. Smoothened mild
steel coupons were pre-measured, pre-weighed, and immersed in
1 M HCl and 0.5 M H2SO4 solutions separately, adding 0e5 v/v%
concentrations of TCE. TCEwas observed to be soluble in both acids.
After the completion of the period of immersion, metal coupons
were weighed and their weight loss was calculated. Equation (1) is
used to find out the corrosion rate (ʋ) of mild steel [27]:

y ¼ KW
DSt

(1)

where K¼ 87,600, W is the weight loss of metal coupon (g), S is the
total area of the coupon (cm2), D is the density of metal (g/cm3), and
t is the period of immersion (h). Percentage of the mitigation po-
tential of TCEwas calculated from the values of ʋ, using equation (2)
[28]:

h%¼ y0 � y
y0

� 100 (2)

where ʋ0 and ʋ denote the pace of corrosion of metal coupons
immersed in acid media without and with the inhibitor TCE,
respectively.

2.6. Electrochemical studies

Electrochemical impedance spectroscopy (EIS), polarization
studies, and electrochemical noise studies were performed using
the Ivium CompactStat electrochemical workstation and IviumSoft
software by using a three-electrode electrochemical cell. For all the
electrochemical studies, a saturated calomel electrode behaved as
the reference electrode. For EIS and linear polarization studies, a
platinum electrode acted as the counter electrode, and the mild
steel having 1 cm2 exposed surface area was used as a working
electrode. Two mild steel samples with 1 cm2 exposed surface area
were utilized as counter and working electrodes in electrochemical
noise studies. The measurements were carried out at room tem-
perature using 1 M HCl and 0.5 M H2SO4 with various concentra-
tions (1e5 v/v%) of TCE.

EIS parameters were measured over a frequency span of 1 KHz
to 100 mHz and 10 mV signal breadth. Corrosion inhibition power
of TCE was calculated from Rct values obtained from Nyquist plots
by equation (3) [29].

hEIS%¼R0ct � Rct
R0ct

� 100 (3)

R'ct and Rct represent the working electrode's charge transfer
resistance with and without the inhibitor TCE, respectively.
3

Current-potential relationship of mild steel samples in the test
solution was evaluated by potentiodynamic polarization studies
using the open-circuit potential method. The applied potential
range for the working electrode was from �250 to þ250 mV
compared with the corrosion potential (Ecorr) with a scan rate of
1 mV/s. Surveillance of anodic and cathodic curves was accom-
plished to obtain corrosion current density (icorr), which was used
to derive the percentage of inhibition potency (ƞpol%) as in equation
(4) [30].

hpol% ¼ icorr � i0corr
icorr

� 100 (4)

icorr and i0corr indicate the corrosion current densities of theworking
electrode in the absence and presence of the inhibitor TCE,
respectively.

Inhibition efficiency (IE) also can be calculated from linear po-
larization parameters using the following equation (5):

hRp%¼R0p � Rp
R0p

� 100 (5)

where R0
p and Rp are polarization resistance in the presence and

absence of the inhibitor TCE, respectively.
Electrochemical noise studies were carried out for the period of

1200s.

2.7. Surface morphological studies

Surface characterization of mild steel coupons submerged in
1 M HCl and 0.5 M H2SO4 media comprising 5 v/v% of TCE was
examined by scanning electron microscopy (SEM) (JEOL Model
J.S.M.-6390LV) and atomic force microscopy (AFM) (WITEC
ALPHA300 RA). The immersion period for the mild steel in contact
with acid media and TCE was 24 h.

2.8. Quantum chemical calculations

Molecular structure of the inhibitor has a crucial role in the
determination of corrosion inhibition potency. The mechanism of
corrosion resistance can be demonstrated concerning HOMO-
LUMO interaction between filled orbitals of inhibitor molecules
and vacant orbitals of Fe. Lower change in energy value
(DE ¼ ELUMO � EHOMO) is the benchmark for solid adsorption of
inhibitor molecules on the metal surface [31]. The quantum
chemical parameters of tinosponone, an active TCE principle, were
calculated using the Density functional theory (DFT) method by
GAMMES software. The correlation factor used was B3LYP and STO-
3G as the basis set.

Monte Carlo simulation is used to attain stable adsorption sites
on metal surfaces with low-energy adsorption sites on both peri-
odic and non-periodic substrates. Materials Studio 17.1 software
from Accelrys, Inc. has been applied to simulate the adsorption of
tinosponone and its protonated form on the Fe (110) plane. Because
of the higher stability of Fe (110) than the Fe (1 00) and Fe (111)
plane, it was adopted for the simulation studies. Optimized struc-
tures of tinosponone, protonated form, and the Fe surface were
used for this study. As per the Accelrys website, the Forcite module
can be defined as an advanced classical molecular mechanics tool in
which energy calculations are rapid, and geometry optimization is
well-founded. Optimization of Fe surface and inhibitor molecules
was performed by the forcefield COMPASS (condensed-phase
optimized molecular potentials for atomistic simulation studies).
Solvent and charge effects were ignored, and the simulations were
carried out at the metal/vacuum interface. The following equation
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(6) gives the binding energy between tinosponone and Fe (110)
surface [32].

Ebinding ¼Etotal �
�
Esurface þEinhibitor

�
(6)

where Etotal is the total energies of the Fe (1 1 0) surface when
tinosponone adsorbed on it, Esurface indicates the energy of Fesurface,
and Einhibitor corresponds to the energy of tinospononemolecules. A
stable adsorption system implies the negative value of Ebinding.

2.9. Response surface methodology

RSM is the established optimization technique in current
years. It describes the effect of a quantitative response on process
factors, individually or with one another, and generates an
empirical model illustrating the proper quantity of processes
[33]. It helps to discover the optimum parameter condition to
attain the maximum IE. Experimental design and analysis were
performed using Minitab 19 programming tool, and the Box-
Behnken design (BBD) was applied to include 15 experimental
runs. Three factors were incorporated: X1dtemperature (K),
X2dTCE concentration (v/v%), and X3dacid concentration, at
three levels, as shown in Table 2. The generalized full quadratic
response for the three factors X1, X2, and X3 in the RSM is shown
in equation (7).

Y ¼ a0 þ a1X1 þ a2X2 þ a3X3 þ a12X1X2 þ a13X1X3

þ a23X2X3 þ a11X
2
1 þ a22X

2
2 þ a33X

2
3 (7)

where Y is the predicted values of corrosion IE. a0 is a constant, a1,
a2, and a3 are constants indicating the effect of factors X1, X2, and X3,
respectively. a12, a13, and a23 are interaction constants between the
two factors X1X2, X1X3, and X2X3, respectively. a11, a22, and a33
represent quadratic constants of X1, X2, and X3, respectively.

3. Results and discussions

3.1. FTIR spectroscopy

The Fourier transform infrared spectroscopy (FTIR) spectrum
of TCE revealed characteristic stretching and bending frequencies
for various bonds, drawn in Fig. S1. The broadband at 3,277 per
cm denotes OeH stretching. Two sharp bands at 2,917 per
cm and 2,849 per cm represent alkyl CeH stretching vibrations. A
>C]O stretching vibration appears at 1,736 per cm. This peak
can be assigned to six-membered cyclic lactones. The bands at
1,318 per cm and 1,603 per cm can be accredited to C]C and
aromatic C]C stretching vibrations. The CeO bending pulse
appears as a weak band at 1,231 per cm and 1,016 per cm. This
peak can be ascribed to characteristic peaks for the furan ring.
The band at 750e620 per cm corresponds to aromatic sub-
stitutions. In summary, distinct peaks of TCE can be attributed to
Table 2
The level of factors of the BBD with coded and uncoded form.

Sl. No. Factor Code Unit Level of factors

Low (�1) Center (0) High (1)

1 Temperature X1 K 313 323 333
2 TCE concentration X2 v/v% 1 3 5
3 Acid concentration X3 M 0.5 1 1.5

4

various phytochemicals involving heteroatoms, aromatic rings,
and unsaturated compounds.

3.2. Weight loss measurements

3.2.1. Effect of TCE concentration
Corrosion IE (ɳ%) and corrosion rate (ʋ) found by weight loss

technique on mild steel in 1 M HCl and 0.5 M H2SO4 with varying
concentrations (0e5 v/v%) of TCE have been calculated (Table 3).

An augment in inhibition power was noticed from the data by
raising TCE concentration in both acid media. Also seen that TCE
behaves as an efficient green corrosion inhibitor in 1 M HCl,
attaining maximum inhibition efficacy of 94.73% and 82.53% in
0.5 M H2SO4 at 5% TCE concentration. In HCl solution, TCE exhibits
more inhibition capacity compared with H2SO4 solution. It may be
due to the effective adsorption of Cl� ions on themetal surface than

SO2�
4 ions because halide ions are more electronegative. It may lead

to more adsorption of cationic organic molecules on the metal

surface to inhibit metal dissolution. At the same time, SO2�
4 the

fraction of TCE molecules adsorbed onmild steel surface is low, and
hence, metal suffers a high corrosion rate in the H2SO4 medium. All
experiments were conducted three times to maintain
reproducibility.

Evaluation and statistical analysis of weight loss measurement
are essential in determining the precision of corrosion rate. Table 3
shows that themean values are close, whichmeans that weight loss
measures are in the same acceptance. Similarly, the standard de-
viation (s) of the inhibitory efficiency indicates that the observed
corrosion rates in triplicate experiments are in good agreement.

Comparing the IE of TCE with reported extracts, TCE shows
tremendously good results. A Dehghani et al. [34] said that Laurus
nobilis extract showed 92% inhibition ability on carbon steel in 1 M
HCl for 400 ppm concentration of extract. Siyi Chen et al. [35]
discovered that coconut leaf extract inhibited 91.7% corrosion on
X60 steel in 1 M HCl using 400 mg/L of the extract. Shujun chen
et al. [36] pointed out that Magnolia grandiflora extract acted as a
corrosion inhibitor for Q235 steel in 1 M HCl with 85% inhibition
performance at 500 mg/L of the extract. Camphor leaves were
proved to have 89.4% inhibition power on Q235 steel in 1 M HCl
with 600 mg/L inhibitor concentration by Huajun Zhao et al. [37].
TCE exhibited improved IE (94.73%) in 1 M HCl than all these
recently cited works.

3.2.2. Adsorption isotherms
Adsorption isotherm studies provide an interaction mechanism

between inhibitor molecules and mild steel. Among different
adsorption isothermmodels, such as Langmuir, El-Awady, Frumkin,
Temkin, Freundlich, Flory-Huggins isotherms, the best adsorption
isothermmodel of TCE in 1MHCl and 0.5 MH2SO4 was explored by
fitting the extent of surface coverage (q) and corrosion rate into it.
The Langmuir adsorption isothermwas found to be the best model
with an R2 value of 0.9987 and 0.9974 in 1 M HCl and 0.5 M H2SO4,
respectively. The Langmuir isotherm is represented as in equation
(8) [38].

C
q
¼ 1

Kads
þ c (8)

where q is the extent of occupancy of adsorbed sites, C signifies the
inhibitor's concentration, and Kads implies the adsorption equilib-
rium constant.

Standard free energy of adsorption DG0
adscan be calculated from

the adsorption equilibrium constant Kads as in equation (9) [39].



Table 3
Corrosion rate and inhibition efficiency of TCE in 1 M HCl and 0.5 M H2SO4 at room temperature for 24 h.

Acid Conc. (v/v%) Corrosion rate (mm/yr) Variance (s2) Standard deviation (s) Inhibition efficiency (%ɳ)

x1 x2 x3 Mean X

1 M HCl Blank 3.85 3.71 4.29 3.9500 0.061066 0.2471 e

1 0.7852 0.6940 0.8764 0.7852 0.005544 0.0744 80.12
2 0.5727 0.5532 0.5934 0.5731 0.000269 0.0164 85.49
3 0.453 0.4230 0.4830 0.4530 0.000600 0.0244 88.53
4 0.3365 0.2930 0.3800 0.3365 0.001261 0.0355 91.48
5 0.2081 0.2137 0.2025 0.2081 0.0000209 0.0045 94.73

0.5 M H2SO4 Blank 33.97 35.37 37.37 35.57 1.946666 1.3952 e

1 16.851 19.117 17.321 17.76 0.953474 0.9764 50.06
2 13.25 12.08 14.78 13.37 1.222200 1.1055 62.41
3 10.756 7.246 9.112 9.038 2.056088 1.4339 74.59
4 6.482 7.741 8.376 7.533 0.6195046 0.7870 78.82
5 6.978 6.550 5.114 6.214 0.6355306 0.7972 82.53
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DG0
ads ¼ � RT lnð55:5KadsÞ (9)

where 55.5 suggests the molar concentration of water; R and T
point out universal gas constant and the temperature in K,
respectively. It was reported that DG0

ads values within �20 kJ/
mol and �40 kJ/mol showed a mixed-type adsorption mecha-
nism by TCE molecules [40]. In the present work, DG0

ads values for
TCEemild steel adsorptions were �30.37 and �27.15 kJ/mol in
1 M HCl and 0.5 M H2SO4, respectively, which showed the nature
of adsorption was both physisorption and chemisorption. Fig. S2
represents Langmuir adsorption isotherms of TCE on mild steel in
1 M HCl and 0.5 M H2SO4 at room temperature. Fig. 2 portrays
the possible surface behavior of TCE molecules on mild steel.
Even though TCE contains various components, the principal
component is regarded as an authoritative compound for corro-
sion inhibition. The effective adsorption of tinosponone mole-
cules by donating electrons from oxygen atoms in the furan ring,
eOH, lactone functional groups, and p-electrons in the aromatic
system causes the formation of a protective film on the metal
surface and thereby mitigates metal corrosion. Moreover, tino-
sponone molecules may interact via back donation of d electrons
from the metal to p* orbitals of tinosponone molecules. Besides
this interaction, physisorption of TCE molecules was involved.
Initially, chloride/sulfate ions present in the acid solution
approach on the surface of mild steel and continue as a cathode.
The cationic molecules of TCE, which are considerably larger than
acid ions, were adsorbed on the metal surface by the substitu-
tional adsorption process. It caused interference in the anodic
and cathodic process of metal corrosion and decreased metal
dissolution rate.

3.2.3. Effect of temperature
Stability of the protective film of TCE by adsorption onmild steel

surface was described by performing temperature studies [32].
Fig. 2. Interaction diagram of tinosponone molecules with mild steel.
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Here, the impact of temperature on the corrosion control was
accomplished by weight loss measurements in 1 M HCl and
0.5 M H2SO4 with varying TCE concentrations at different temper-
atures (303e333 K) for 24 h. Inhibition potential was calculated and
given in Table 4 and is graphically depicted in Fig. 3. It showed that
the rate of corrosion rises with an enhancement in temperature for
a fixed concentration. It may be ascribed to the metal surface
changes such as instant engraving, crack, detachment of adsorbed
film, decay, or reordering of the inhibitor when the temperature
rises and thereby decreases inhibition potency. Therefore, dis-
crepancies in temperature influence the metal disintegration, ac-
tion of the inhibitor, either adsorption or desorption, and corrosion
control.

The Arrhenius-type equation can be used to attain activation
energy of corrosion as in equation (10) [41].

K ¼A eð�EaRTÞ (10)

K signifies the rate of corrosion, and A is assigned for the pre-
exponential factor. Ea specifies the activation energy for decay,
R suggests universal gas constant, and T indicates Kelvin's
temperature.

Fig. S3a and S4a exhibit Arrhenius plots of log K vs. 1/T for metal
corrosion in the presence and absence of TCE in acid media.

Slopes of the plots were fit to evaluate the activation energy of
corrosion in acid media. Thermodynamic parameters such as
enthalpy (DH*) and entropy (DS*) were estimated using transition
state theory as in equation (11) [42].

K ¼
�
RT
Nh

�
exp

�
DS*

R

�
exp

��DH*

RT

�
(11)

where N represents the Avogadro number, and h is Planck's
constant. Slopes of the Arrhenius plots of log K/T vs. 1/T (Fig. S3b
and S4b) give DH* and DS* values. All these thermodynamic
parameters were tabulated in Table 5, which establishes that the
activation energy of corrosion increases with an increase in TCE
concentration owing to the growing energy barrier. It also
emphasizes an activation complex compound formed by the
interaction between the inhibitor and mild steel [43]. The posi-
tive value of enthalpy describes the endothermic character of the
metal corrosion process [44]. The values of DS* were also
increased by adding TCE concentration. Negative values of the
entropy of activation for corrosion in the absence of TCE mention
a decrease in randomness for the activated complex than the
reactants [45]. Disorderliness of the activated complex increases
as the concentration of TCE raises and DS* possessed positive
values.



Table 4
Corrosion rate (ʋ) in mm/yr and inhibition efficiency (% ɳ) of TCE in 1 M HCl and 0.5 M H2SO4 at different ranges of temperatures for 24 h.

Media Conc. (v/v%) ʋ (303 K) % ɳ (303 K) ʋ (313 K) % ɳ (313 K) ʋ (323 K) % ɳ (323 K) ʋ (333 K) % ɳ (333 K)

1 M HCl Blank 3.95 e 13.11 22.05 e 31.77 e

1 0.7852 80.12 5.23 60.11 13.54 38.61 20.48 35.54
2 0.5731 85.49 4.72 64.00 10.69 51.53 17.36 45.36
3 0.4530 88.53 2.15 83.60 8.23 62.68 14.69 53.76
4 0.3365 91.48 2.07 84.21 7.45 66.22 12.98 59.14
5 0.2081 94.73 1.26 90.39 6.15 72.11 11.87 62.64

0.5 M H2SO4 Blank 35.57 e 58.27 e 86.25 e 106.2 e

1 17.76 50.06 29.69 49.04 44.95 47.88 60.04 43.49
2 13.37 62.41 23.08 60.39 36.58 57.58 51.64 51.40
3 9.03 74.59 19.36 66.77 31.95 62.95 45.91 56.79
4 7.53 78.82 12.88 77.89 27.23 68.42 40.12 62.24
5 6.21 82.53 10.77 81.51 20.14 76.64 35.48 66.61

Fig. 3. Variation in inhibition efficiency of TCE in (a) 1 M HCl and (b) 0.5 M H2SO4 at elevated temperatures.

Table 5
Thermodynamic parameters of mild steel corrosion with and without TCE in 1 M HCl and 0.5 M H2SO4.

Medium Conc. (v/v%) Ea (kJ/mol) A DH* (kJ/mol) DS* (J/mol/K)

1 M
HCl

Blank 57.24 3.58 � 1010 54.6 �44.7842
1 90.79 4.95 � 1015 88.15 53.66
2 93.51 1.13 � 1016 90.87 60.51
3 99.28 6.98 � 1016 96.64 75.66
4 103.28 2.76 � 1017 100.64 87.09
5 115.60 2.14 � 1019 112.97 123.27

0.5 M
H2SO4

Blank 30.96 8.16 � 106 28.3 �114.510
1 34.23 1.47 � 107 31.59 �109.622
2 37.95 4.82 � 107 35.31 �99.744
3 45.29 6.31 � 108 42.65 �78.349
4 48.42 1.66 � 109 45.78 �70.332
5 49.06 1.73 � 109 46.42 �69.974
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3.3. Electrochemical studies

3.3.1. Open-circuit potential (OCP) curves
The OCP of the mild steel electrode was analyzed at the begin-

ning of electrochemical measurements for 20 min to attain a
steady-state condition. It was conducted in acid media with and
without various concentrations of TCE. OCP vs. time plots (Fig. S5)
exhibited that the permitted time was apparent for the corrosion
system to become stable. The OCP shift to a positive potential in the
presence of TCE pointed out the existence of a durable and pro-
tective layer formed by TCE on the mild steel surface [46].
3.3.2. Electrochemical impedance spectroscopy
The corrosion response of mild steel in 1 M HCl and 0.5 M H2SO4

solutions with various concentrations of TCE (0e5 v/v%) was
6

demonstrated using EIS at 300c. In the present investigation, Ran-
dle's circuit was used as an equivalent circuit (Fig. S6), including
solution resistance Rs, charge transfer resistance Rct, and double-
layer capacitance Cdl. Equivalent circuit fitting curves for mild steel
with 1% TCE in bothmedia are shown in Fig. S7. The deviations from
the metal surface's ideal dielectric behavior lead to a constant
phase element (CPE) instead of Cdl [47].

ZCPE ¼Q�1ðjuÞ�n (12)

Q is the extent of the CPE, n is the exponent of the value of the
CPE, u represents the angular frequency, and j is the imaginary
number.

Fig. 4 and S8 show Nyquist plots and Bode plots, respectively.
Nyquist plots are in a depressed semicircular shape with an



Table 6
Impedance data for mild steel in 1 M HCl and 0.5 M H2SO4 with and without various concentrations of TCE.

Conc. (v/v%) 1 M HCl 0.5 M H2SO4

RctðUcm2Þ CdlðmFcm�2Þ hEIS% RctðUcm2Þ CdlðmFcm�2Þ hEIS%

Blank 15.7 78.75 - 18.1 47.39 -
1 74.5 62.8 78.92 37.3 46.5 51.47
2 125 48.9 87.44 41.3 44.1 56.17
3 153 47.5 89.73 86.3 39.0 79.02
4 174 45.6 90.97 100 40.3 81.9
5 242 42.1 93.51 160 32.6 88.68
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inhibitor. It can be interpreted as the result of surface in-
homogeneity. The adsorption phenomenon on the surface or
development of the porous or non-porous passivation layer on
coating is the root cause for surface in-homogeneity [48]. The
Nyquist plots evinced a single capacitive loop for each concentra-
tion. It may be due to the occurrence of a charge transfer reaction at
the electrode/solution interface. On examining the plots, it can be
seen that the diameter of the semicircle increases by the addition of
TCE concentration. Table 6 clearly showed that Rct values are
directly proportional to TCE concentration, indicating that the mild
steel corrosion is mitigated by the inhibitor TCE. Conversely, Cdl
values decreased by the addition of TCE. This is due to a drop in the
dielectric constant or rise in the thickness of the electrical double
layer. It recommends the formation of an interfacial protective layer
between metal and acid [4]. Moreover, decreasing tendency of Cdl
values may be ascribed to the adsorption of TCE molecules on the
metal surface by replacing water molecules, favoring the preven-
tion of metal dissolution [49]. Bode plots displayed that as the
concentration of TCE increases, the peak size also increases. It may
be accounted for the lower capacitive behavior of mild steel, indi-
cating adsorption of TCE molecules on the metal surface [50]. IE of
TCE attained 93.51% in 1 M HCl and 88.68% in 0.5 M H2SO4 for the
highest concentration under supervision. EIS results were also
supplemented with the weight loss measurements.

3.3.3. Potentiodynamic polarization studies
Potentiodynamic polarization studies on mild steel were carried

out to evaluate the protective ability of TCE on the surface of mild
steel in 1 M HCl and 0.5 M H2SO4. Fig. 5 and S9 exhibit Tafel and
linear polarization plots, and Table 7 reveals polarization parame-
ters such as corrosion current densities (icorr), corrosion potential
(Ecorr), cathodic Tafel slope (bc), anodic Tafel slope (ba), and polar-
ization resistance (Rp). On close observation to the table as
mentioned previously, it is clear that there was a remarkable
decrease in icorr values when TCE concentration increased and in-
hibition efficacy was found to be boosted. It can be indicated that
Table 7
Potentiodynamic polarization data of mild steel with and without TCE in 1 M HCl and 0

Media Tafel data

Conc. (v/v%) �Ecorr (mV/SCE) icorr (mA/cm2) �bc (

1 M
HCl

Blank 597.9 1,240 221
1 589.5 190.9 151
2 586.9 105.1 176
3 573.4 103.5 149
4 572.6 82.12 132
5 568.5 71.62 159

0.5 M
H2SO4

Blank 602.2 161.6 193
1 562.8 845.2 184
2 595.9 507.1 161
3 599.6 445.1 137
4 529.6 435.6 173
5 601.5 388.0 143
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there is strong resistance in the corrosion process [51]. It can be
explained that the cathodic and anodic processes are being pre-
vented by the adsorption of TCE molecules on the mild steel sur-
face. Anodic dissolution of iron is an anodic corrosion process,
whereas cathodic evolution of hydrogen is the cathodic corrosion
process. The following equations can express both approaches.

FeðsÞ / Fe2þðaqÞ þ 2e� (13)

2Hþ
ðaqÞ þ2e�/H2ðgÞ (14)

The sharp decrease in the anodic and cathodic current density,
suggesting the adsorption layer formation on the mild steel surface
by TCE, retards anodic and cathodic reaction rates. There was a
noticeable decrease in current density on increasing TCE concen-
tration, implying good inhibition from the metal corrosion [46].

The mechanism of electrochemical inhibition can be demon-
strated as the interaction between partially dissolved iron cations
and TCE molecules. The protonated TCE molecules could physically
adsorb on the anodic sites of the metal surface through negatively
charged chloride and sulfate ions. TCE molecules can chemically
adsorb on the mild steel surface too. The unoccupied d orbital of
iron cations can accept the lone pair of electrons from the hetero-
atoms in TCE molecules. It leads to the deposition of protective film
on the anodic sites of mild steel. Furthermore, TCE molecules can
adsorb on the cathodic sites of the metal by the involvement in the
interaction of p-electrons of the aromatic ring and unsaturated
bonds of TCE molecules with the vacant d orbitals of iron. The
smallest icorr value was reached at the highest TCE concentration
under study. These observations could reveal high potency in mild
steel corrosion rate diminution by adsorption and/or a protective
layer formed on the active sites of the mild steel surface.

The increase in TCE concentration can reason the measured Ecorr
value shift toward less negative values that cause the corrosion
prevention effect of TCE. It was reported that if the Ecorr value shift
from the blank is within ±85 mV, such an inhibitor can be regarded
.5 M H2SO4.

Polarization data

mV/dec) ba (mV/dec) %ɳpol Rp (ohm) %ɳRp

166 e 33.14 e

94 84.60 131.9 75.28
91 91.52419355 228.9 85.5
86 91.65 248.5 86.66
85 93.35 273.9 87.90
82 94.22 328.4 89.90
184 e 25.3 e

210 46.70 50.35 49.75
210 67.62 72.14 64.92
199 71.46 78.24 67.66
124 72.05 79.14 68.03
194 75.00 92.12 72.53
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as a mixed-type inhibitor [16]. Herein, the shift in Ecorr values varies
from 1mV to 72mV for both acidmedia toward less negative values.
It reflects the mixed-type inhibition character of TCE. The higher
inhibition power on mild steel surface was displayed by 5% TCE
concentration in HCl and H2SO4 media as 94.22% and 75%, respec-
tively. A lower efficiency in H2SO4 than HCl medium was observed,
similar to the weight loss and EIS studies. From Tafel plots, both
cathodic and anodic Tafel slopes change appreciably in the presence
of TCE, further suggesting that TCE acts as a mixed-type inhibitor.

The linear polarization plot is another form of the Tafel plot. Rp
values were derived from the slope of linear polarization plots. On
analyzing Table 7, it was apparent that as the concentration of TCE
increases, Rp values were also raised. This trend reflects the
adsorption of TCE molecules on the metal surface. Inhibition effi-
ciencies estimated from Rp values have agreed with weight loss and
EIS studies.

3.3.4. Electrochemical noise studies
Fig. 6 reveals the current noise for mild steel dipped in 1 M HCl

and 0.5 M H2SO4 solutions containing various TCE concentrations
(0, 1, 3, 5 v/v%). On inspection of the figure, it was evident that the
current noise for inhibited metal has a low value compared with
uninhibited metal, which implies that TCE possesses considerable
IE. As concentration increases, the value of current noise lowered.
The signal was at a higher magnitude for the blank experiment,
indicating mild steel surface undergoes localized corrosion [52].

Power spectral density (PSD) plots for inhibited and uninhibited
metal in acid media are shown in Fig. S10. As frequency increases,
current noise lowered. It exhibited magnitudes of current noise
relatively large for the metal dipped in acid solution without TCE
than the metal immersed in acid solution with TCE. It specified
metal corrosion can be inhibited using TCE.

Pitting index is an assessment of the degree of resistance power
to pitting corrosion [53]. Fig. S11 shows pitting index curves for
mild steel immersed in the absence and presence of various TCE
concentrations. It was clear that as the concentration of TCE in-
creases, the pitting index value rises. The HCl pitting index value
was 6 for 5 v/v% TCE concentration, whereas it was 0.1 in the H2SO4
medium for the same concentration. A higher pitting index value
denotes higher corrosion inhibition. From the pitting index values
for blank and inhibitedmetal, it can be said that TCE can be acted as
an inhibitor for mild steel in acid media.

3.4. Surface morphological studies

3.4.1. SEM analysis
The interaction mechanism between TCE molecules and mild

steel can be substantiated using SEM studies of metal coupons [54].
Fig. S12a reveals the SEM image of the smoothened surface of mild
Fig. 4. Nyquist plots of mild steel with varying concent
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steel. SEM images of the surface of mild steel in 1 M HCl (Fig. S12b
and c) and 0.5 M H2SO4 (Fig. S12d and e) were presented in the
absence and presence of TCE, respectively. It showed that the lack of
TCE severely damaged the surface of the mild steel. It was also
noticed that the metal destruction is predominant in the
0.5 M H2SO4 solution than in 1 M HCl solution. The metal surface
becamemore refined and smooth in the presence of TCEmolecules.
Therefore, it can be established that TCE behaves as an efficient
corrosion inhibitor in acidic media.
3.4.2. AFM analysis
The surface mechanism of TCE on mild steel was further

strengthened by AFM analysis. 3-D topography of smoothened
metal, blank, metal coupons treated with 5 v/v% TCE in 1 M HCl and
0.5 M H2SO4 for 24 h is exhibited in Fig. 7aee. Surface roughness
parameters such as average roughness (Ra), root mean square
roughness (Rq), and maximum peak-to-peak height (Rpp), which
specify the topography of surfaces, are provided in Table 8. On
analyzing the table, it can be seen that surface roughness param-
eters for the smoothened metal were low, whereas those for the
metal treated with 1 M HCl and 0.5 M H2SO4 were boosted because
of the contact with aggressive media. Roughness parameters of the
metal surface with TCE were in between that of smoothened and
blank metals. It reinforces the adsorption of inhibitor molecules on
the metal surface in the corrosion reaction [55]. It was also noticed
that the roughness parameters for the metal with TCE in 1 M HCl
were lower than those in 0.5 M H2SO4, implying that the former
medium supports the mitigation of corrosion than the latter.
3.5. Quantum chemical calculations

Quantum chemical parameters of tinosponone and protonated
tinosponone such as energy values of HOMO and LUMO, DE, ioni-
zation energy (I), electron affinity (A), chemical potential (m),
electronegativity (c), chemical hardness (ƞ), number of electrons
transferred (DN) are computed in Table 9. The optimized
geometry and corresponding HOMO and LUMO of tinosponone and
protonated tinosponone are pictured in Fig. 8. Formation of the
adsorption layer on the mild steel surface by the donation of
electrons can be demonstrated by the value of change in energy
(ELUMOeEHOMO). The DE value for tinosponone and its protonated
form (4.178 and 4.162 eV) enables the shifting of electrons from
HOMO of the inhibitor to the vacant orbitals of Fe. It makes TCE an
excellent metal protection inhibitor. A value of DN less than 3.6
points out a strong propensity for inhibitor molecules to supply
electrons to the metal surface [56]. The DN value for tinosponone
and its protonated form was found to be 1.4265 and 1.4279,
respectively, which may be ascribed to the excellent corrosion
rations of TCE in (a) 1 M HCl and (b) 0.5 M H2SO4.



Fig. 5. Tafel plots of mild steel with and without TCE in (a) 1 M HCl and (b) 0.5 M H2SO4.

Fig. 6. Current noise for mild steel with and without TCE in (a) 1 M HCl and (b) 0.5 M H2SO4.

Fig. 7. Topography of mild steel (a) smoothened, (b) in 1 M HCl, (c) in 1 M HCl with 5 v/
v% TCE, (d) in 0.5 M H2SO4, and (e) in 0.5 M H2SO4 with 5 v/v% TCE.

Table 8
Surface roughness parameters of mild steel by AFM analysis.

Metal surface Rpp (nm) Rq (nm) Ra (nm)

Smoothened metal 205.27 32.92 26.11
Metal in 1 M HCl 965.86 79.50 55.07
Metal in 1 M HCl with 5 v/v% TCE 646.53 51.65 29.57
Metal in 0.5 M H2SO4 2,176.62 231.72 180.48
Metal in 0.5 M H2SO4 with 5 v/v% TCE 1,687.53 177.35 142.65
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control of TCE. Therefore, theoretical calculations were in line with
experimental results.

Monte Carlo simulation (Fig. 9 and Fig. S13) depicts the side
view and top view of minor energy adsorption configuration for a
tinosponone molecule on Fe (1 1 0) surface as well as for its pro-
tonated form. The tinosponone molecule and its protonated form
appear fairly adsorbed on the Fe surface. This approach of
adsorption may be assigned to the strong interaction between
tinosponone and the metal surface. Table 10 represents various
energy forms provided in Monte Carlo simulation studies. The
summation of energies of the adsorbate, rigid adsorption energy,
and deformation energy yields the total energy. Energy of iron
surface is considered as zero. When the relaxed adsorbatemolecule
adsorbed on the iron surface, the releasing/required energy is
known as adsorption energy shown in kcal/mol unit, or it can be
said that a total of rigid adsorption energy and deformation energy
for the adsorbate molecule gives adsorption energy. The rigid
adsorption energy means the energy released/required before the
geometry optimization step. Simply, when the unrelaxed adsorbate
molecule is adsorbed on the iron surface, the resulting energy is
known as rigid adsorption energy. The energy released when the
adsorbed adsorbate molecule is relaxed on the Fe surface is called



Table 9
Quantum chemical parameters of tinosponone and its protonated form.

Molecule EHOMO (eV) ELUMO (eV) DE (eV) I (eV) A (eV) m (eV) c (eV) ƞ (eV) DN

Tinosponone �3.129 1.049 4.178 3.129 �1.049 �1.04 1.04 2.089 1.4265
Protonated tinosponone �3.138 1.024 4.162 3.138 �1.024 �1.057 1.057 2.081 1.4279

Fig. 8. Optimized geometry of (a) tinosponone and (b) protonated tinosponone; HOMO of (c) tinosponone and (d) protonated tinosponone; LUMO of (e) tinosponone and (f)
protonated tinosponone

Fig. 9. Equilibrium adsorption configuration of (a) tinosponone and (b) protonated tinosponone on Fe (110) surface from molecular dynamics simulation; front view.
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Table 10
Various adsorption structures and the corresponding adsorption energy.

Structure Total energy (kcal/
mol)

Adsorption energy (kcal/
mol)

Rigid adsorption energy (kcal/
mol)

Deformation energy (kcal/
mol)

dEad/dNi (kcal/
mol)

Tinosponone 10.1254
Fe surfaceetinosponone �97.8691 �487.2830 �123.5691 �363.7139 �487.2830
Protonated tinosponone 12.3485
Fe surfaceeprotonated

tinosponone
�96.7788 �228.7749 �109.6516 �119.1233 �228.775

Table 12
Analysis of variance for corrosion inhibition efficiency.

Source DF Adj SS Adj MS F-value p-Value

Model 9 3,607.35 400.82 50.79 0.000
Linear 3 3,185.58 1,061.86 134.55 0.000
Temp 1 1,051.27 1,051.27 133.21 0.000
TCE Conc. 1 1,818.13 1,818.13 230.37 0.000
Acid Conc. 1 316.19 316.19 40.06 0.001
Square 3 323.62 107.87 13.67 0.008
Temp*Temp 1 93.38 93.38 11.83 0.018
TCE Conc.*TCE Conc. 1 113.65 113.65 14.40 0.013
Acid Conc.*acid Conc. 1 99.73 99.73 12.64 0.016
2-way interaction 3 98.15 32.72 4.15 0.080
Temp*TCE Conc. 1 2.53 2.53 0.32 0.596
Temp*acid Conc. 1 85.10 85.10 10.78 0.022
TCE Conc.*acid Conc. 1 10.53 10.53 1.33 0.300
Error 5 39.46 7.89
Lack-of-fit 3 39.46 13.15 * *
Pure error 2 0.00 0.00
Total 14 3,646.81

DF: degrees of freedom, Adj SS: adjusted sum of squares, Adj MS: adjusted mean of
squares, p: probability.
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deformation energy. Moreover, dEads/dNi indicates another form of
energy where the adsorbate has been removed. The binding energy
was calculated as e107.9945 and �109.1274 kcal/mol for tinospo-
none and protonated tinosponone, respectively. The negative sign
and apparent magnitude recommend a stable adsorption structure
of tinosponone on Fe surface. In addition, the negative values of
adsorption energy reflect the binding ability of tinosponone and its
protonated form with Fe surface [57].

3.6. Statistical analysis

3.6.1. Optimization of factors for IE
Screening experiments revealed that temperature, TCE con-

centration, and acid concentration significantly influenced the
corrosion IE. Therefore, they were selected as independent factors
in this study. Weight loss studies showed that the corrosion rate
was upgraded in H2SO4 medium than in HCl medium. That
prompted us to select the HCl solution as an acid medium. The
structure of the design and the three levels depending on the BBD
of test factors are shown in Table 11, comprising experimental re-
sults and predicted response. A total of 15 experimental runs were
obtained in it. It was demonstrated that corrosion IE increased with
an increase in TCE concentration. This analysis reached maximum
efficiency with 5 v/v% TCE concentration in 0.5MHCl concentration
at 313 K. To explore the exact combination of the three factors
under study for attaining the immense efficiency, RSM was applied
for the optimization technique. The regression model between the
test factors and the IE was created at that point, shown in equation
(15). Inhibitor efficiency was designated as a function of the test
factors in the selected levels using the quadratic equation (15).

IE¼5891� 34:44X1 þ 30:3X2 � 264:1X3 þ 0:0503X2
1

� 1:387X2
2 � 20:79X2

3 þ 0:922X1X3 � 1:62X2X3

� 0:0397X1X2 (15)
Table 11
Experimental and predicted inhibition efficiency from weight loss measurements
and the BBD.

Run order Actual level of
factors

Inhibition efficiency (%) Residual (%)

X1 X2 X3 Experimental Predicted

1 313 1 1 60.11293 57.7645 2.34843
2 333 1 1 35.54071 36.4269 0.88619
3 313 5 1 90.39050 89.5043 0.88619
4 333 5 1 62.64005 64.9884 2.34835
5 313 3 0.5 84.60215 84.8844 0.28225
6 333 3 0.5 55.68507 52.7327 2.95237
7 313 3 1.5 60.13363 63.0860 2.95237
8 333 3 1.5 49.66637 49.3841 0.28226
9 323 1 0.5 39.46750 41.5337 2.06620
10 323 5 0.5 74.32543 74.9294 0.60397
11 323 1 1.5 32.80916 32.2052 0.60396
12 323 5 1.5 61.17699 59.1108 2.06619
13 323 3 1 62.68992 62.6899 0.00001
14 323 3 1 62.68992 62.6899 0.00001
15 323 3 1 62.68992 62.6899 0.00001
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Using this regression model, analysis of variance (ANOVA) was
then applied. ANOVA results with a significance level of 95% are
illustrated in Table 12. The most demanding parameter is the p-
value in this Table. The p-value determined the significance of the
impact of a factor on response. The degree of essentialness (a) was
chosen to be 0.05. It showed that the value of pwas lower than 0.05
for the linear and square terms.When analyzing the ANOVA results,
it explained that TCE concentration was the factor having a signif-
icant influence on the response. The Pareto chart (Fig. S14) de-
scribes that three linear terms such as temperature, TCE
concentration, and acid concentration have an appreciable impact
on the IE in which TCE concentration has the most. Squared terms
of temperature, TCE concentration, and acid concentration were
found to have a low influence on the IE (IE%). The two-way inter-
action term between factors (X1X3) also exhibited a small impact on
IE%, whereas the remaining interaction terms (X1X2 and X2X3) did
not reveal any impact on the IE. It is evident from the Pareto
chart that TCE concentration is the predominant factor that de-
pends on IE.

The better fit model for experimental results was indicated by
the closeness of R2 and R2(adj) value to unity [58]. Here, the R2 and
R2(adj) values were 0.9892 and 0.9697, respectively, indicating the
best fit predicted model for experimental values. Therefore, the
outcomes can be quickly evaluated by the model.

Main effect plots supplement the outcomes obtained from the
regression analysis. It represents how to control tested factors that
influence the response [23]. Fig. S15 explains the main effect plots
for the fitted means of IE. It showed that the maximum IE was
observed for 5 v/v% concentration of TCE at an operating temper-
ature of 313 K at 0.5 M concentration of HCl. Rise in temperature
causes a hike in the kinetic energy of the inhibitor molecules and
the speed of collision between the molecules. This hinders and
destroys the development of adsorbed film inhibitors on the metal



Fig. 10. 3-D contours and surface plots for inhibition efficiency.
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surface. Therefore, when the temperature goes up, IE decreases. A
close tendency was examined with the concentration of HCl as it
was raised from 0.5 M to 1.5 M. As the concentration of the
aggressive medium increases, the extent of metal corrosion also
increases.

In comparison, the inhibition power of TCE augmented when its
concentration was increased from 1 to 5 v/v%. The corrosion rate
was much boosted in the absence of an inhibitor and reduced when
the inhibitor was present. Thereby adsorption of inhibitor mole-
cules enhances, and efficiency also increases. In summary, tem-
perature and acid concentration offer a negative impact, whereas
TCE concentration positively impacts IE.

If the change in response is disparate for two factors, there will
be an interaction between them. Fig. S16 exhibits the interaction
plot for IE. Crossed lines in the interaction plot indicate a significant
interaction between the factors, whereas parallel or straight lines
point out little interaction. From Fig. S16, it was examined that the
two-way interaction terms were trivial as there are no crossed lines
except in the temp-acid concentration two-way interaction term
(X1X3). Outcomes of ANOVA analysis also revealed that the p-value
was higher than 0.05 for two-way interactions, and only one
interaction term has a lower p-value, i.e. X1X3. Therefore, two-way
interaction terms do not have any significant impact on IE.

3-D contours and surface plots demonstrate the interdepen-
dence of the tested factors on IE (%) and are presented in Fig. 10
[59]. It was exhibited that the IE goes up when TCE concentration
rises for a given temperature. However, IE and temperature have a
reverse relationship. This trend can be ascribed to the physical
adsorption of TCE molecules on the mild steel surface. Similarly, IE
and acid concentration are inversely proportional.
3.6.2. Response optimization
A well-organized numerical model in equation (15) was used

with the goal of optimizing the independent variables such as
temperature, TCE concentration, and acid concentration to bring
about the maximum IE. For the most remarkable and feasible
response, the desirability function method was used by improving
tested factors. The response optimization plot for IE is shown in
12
Fig. S17. The anticipated optimum factors identified were temper-
ature of 313 K, TCE concentration of 5 v/v%, and acid concentration
of 0.5 M for the HCl environment. The corresponding predicted IE
was 96.82%, as depicted in Fig. S17. Experimental results were in
exact agreement with statistical analysis. Confirmation tests ach-
ieved validation of the optimal factor settings and the amelioration
of the IE. Confirmation tests also helped verify the recurrence of the
experimental outcomes and approve the prescient model's
accuracy.
4. Conclusions

Toxicity and non-biodegradability are two crucial problems of
corrosion inhibitors. The present work has investigated Tinospora
cordifolia plant leaf extract as an eco-friendly corrosion inhibitor for
mild steel in 1 M HCl and 0.5 M H2SO4 media.

� Weight loss measurements showed excellent TCE performance
in mitigating mild steel corrosion in 1 M HCl compared with
0.5 M H2SO4. An increase in TCE concentration results in
improved inhibition power. As per weight loss measurements,
when temperature increased to 333 K, a decrease in TCE inhi-
bition was observed. The maximum inhibition potency of TCE in
1 M HCl and 0.5 M H2SO4 was calculated as 94.73% and 82.53%,
respectively.

� Electrochemical studies go along with weight loss measure-
ments. TCE acted as a mixed-type inhibitor from potentiody-
namic polarization techniques as it simultaneously restrains the
anodic and cathodic reactions of mild steel.

� The Langmuir adsorption isotherm was reckoned to be good
adsorption of TCE molecules on mild steel surface in both acid
media. DG0

ads values (�30.37 and �27.15 kJ/mol) obtained from
adsorption studies revealed that the adsorption is by phys-
isorption and chemisorption.

� Surface morphological studies furnish strong proof for devel-
oping a protective film on mild steel with TCE in acidic media.

� As per quantum chemical investigations, the presence of tino-
sponone molecules in TCE greatly favors electron donation from
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HOMO of the inhibitor to LUMO of metal having a low DE value
(4.178 eV).

� The regression model could describe the interdependence be-
tween factors on the IE and the results obtained from experi-
ments in good agreement.

These observations provide appropriate verification for using
TCE as an eco-friendly and renewable corrosion inhibitor in acid
media.
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