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Abstract

Garcinia cambogia extract (GCE) was employed as a green corrosion inhibitor, a sustainable alternative to toxic and non-
biodegradable synthetic inhibitors, on mild steel in 1 M HCl and 0.5 M H,SO,. Corrosion inhibition efficiency of GCE was
assessed using physicochemical, electrochemical, morphological, and quantum chemical techniques. Moreover, the effects of
inhibitor concentration, acid conceniration, and temperature on the inhibition efficiency (IE) were modelled and optimised by
response surface methodology (RSM) and artificial neural network (ANN). Electrochemical studies revealed that GCE acts
as a mixed type corrosion inhibitor. Kinetic and thermodynamic data suggested that GCE adsorbs onto the metal surface via
both physisorption and chemisorption. Modelling of parameters using an artificial neural network (ANN) indicated that the
model was trained effectively. The dual use of advanced computational modelling, RSM and ANN, along with their good
agreement with experimental results, constitutes the novelty of this work. The future scope of this work involves testing

GCE as a green corrosion inhibitor under real-world industrial conditions.
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1 Introduction

Metals have played a fundamental role in technologi-
cal development and societal advancement from the very
beginning of human civilization. Mild steel is a readily avail-
able and easily manufactured alloy found worldwide. Even
though mild steel is highly susceptible to corrosion, it is an
affordable material with low carbon content and minimal
alloying elements [1]. Many industries, such as chemical
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engineering, mining, and oil and gas, operate in acidic envi-
ronments where metals react with acids or other corrosive
substances, causing the breakdown of their structure, weak-
ening the material, and leading to gradual metal loss over
time. Corrosion inhibitors are effective for protecting met-
als from deterioration when exposed to aqueous solutions,
particularly in closed systems such as cooling and heating
systems. In recent years, green chemistry principles have
carnered significant attention owing to their role in the pro-
tection of metals from corrosion. Plant-based products are a
rich source of numerous organic compounds that can donate
lone pairs of electrons to metal surfaces. As a result, they
can act as effective corrosion inhibitors and interact with
metals either by chemisorption or physisorption [2]. The
adsorptive layer formed on the metal surface protects the
metal from acidic solution, thereby minimising corrosion.
Natural products, such as plant extracts, can be used as green
corrosion inhibitors because of their eco-friendliness, low
cost, availability, and renewability. Many researchers have
investigated natural plant products, such as leaves, seeds,
roots, fruits, and flowers, as efficient and sustainable cor-
rosion inhibitors on mild steel surfaces in aggressive acidic
environments.
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Ghazal Sadat Sajadi and co-workers have been analysed
the mild steel corrosion control in acidic solution by Ranun-
culus arvensis and Glycine max extracts as green inhibi-
tors experimentally and theoretically in 2022 [3]. Aouatife
Zaher et al. have been discovered Ammi visnaga L. extract
as a green corrosion inhibitor in 1 M HCI for carbon steel
using combined computational & electrochemical studies
in 2022 [4]. In 2016, Anupama et al. [5], used gravimetric
and electrochemical methods to investigate the corrosion
behaviour of methanolic extracts of Ruta graveolens (RGE)
leaves in I M HCI for mild steel. According to EIS tests,
RGE demonstrated Y8% inhibitory efficiency at 4% v/v. In
2020, Saxena et al. reported that ethanol extracts of fruits
of Tinospora cordifolia showed 87.18% effectiveness at an
inhibitor concentration of 500 mg/L using potentiodynamic
polarisation studies [6]. In 2019, Saxena et al., [7] used sur-
face morphological and electrochemical analyses to investi-
gate the inhibitory power of ethanol extracts of Terminalia
chebula seeds. In 0.5 M H,50,, it demonstrated 94.07%
inhibitory potency for low-carbon steel at 500 mg/L inhibi-
tor concentration according to potentiodynamic polarisation
experiments.

Recently, ‘intelligence’ approaches such as artificial
neural networks (ANNs) and response surface methodol-
ogy (RSM) are used to model and optimise metal corrosion
inhibition performance. They are highly effective in mod-
elling complex, nonlinear systems, making them ideal for
predicting corrosion inhibition efficiency based on multiple
input parameters. In corrosion studies, ANNs are employed
to model the corrosion inhibition efficiency of inhibitors as
a function of variables, such as concentration and tempera-
ture. Even with limited datasets, ANNs can provide reliable
predictions of inhibition efficiency. Furthermore, they serve
as effective tools for identitfying the optimal conditions, such
as inhibitor concentration and operating temperature, to
:maximise corrosion inhibition performance. Response sur-
face methodology (RSM) is a mathematical and statistical
approach that is useful for developing, improving, and refin-
ing process factors. It proposes evaluating a combination of
many factors with few trials. Therefore, the optimisation of
the process is time- and cost-effective. Many researchers
have used ANNs and RSM to investigate the impact of vari-
ous parameters on the system’s properties and optimise the
test parameters, reduce the corrosion rate, and elevate the
inhibition efficacy. For example, Amodu et al. demonstrated
that Musa paradisiaca peel extract acts as an eco-friendly
corrosion inhibitor for mild steel in I M HCI using gasomet-
ric and thermometric methods [8]. In their study. Response
Surface Methodology (RSM) and Artificial Neural Networks
(ANNs) were employed as robust optimisation techniques.
0. Oyewole, T.A. Oshin, and B.O. Atotuoma investigated
the corrosion inhibition performance of Corchorus olitorius
stems on mild steel in H,SOy, utilising both experimental
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methods and theoretical approaches, including ANNs and
RSM [9]. Abdeslam Ansari and his team reported that Oci-
mum basilicum essential oil exhibited excellent corrosion
mitigation efficiency for C38 steel in 0.5 M H,S0,, employ-
ing a combination of physicochemical analysis, electrochem-
ical measurements, theoretical modelling, and optimization
techniques [10]. In 2024, Ahmed E.S. and Mohan Ganesh
G. discovered that Azadirachta indica leaves as eco-friendly
corrosion inhibitor on TMT steel in | M HCl and 1 M NaCl
media by applying experimental, spectroscopic, and artificial
neural networks (ANN) [11]. In 2025, K. Krishnanjana and
Mohan Ganesh G. applied Punica granatum peel powder as
an effective green corrosion inhibitor on TMT steel in NaCl
medium using electrochemical, spectroscopic, and artificial
neural networks (ANN) [12].

This study presents the corrosion inhibition behavior
of a non-toxic and environmentally benign inhibitor, Gar-
cinia cambogia extract (GCE), for mild steel in 1 M HCI
and 0.5 M H,S0s. The International Plant Names Index
(IPNI) entry for Garcinia cambogia Desr. is recorded under
the identifier LSID: urn:lsid:ipni.org:names:427866-1. In
the Linnaean Herbarium, hosted by the Linnean Society
of London (herbarium code: LINN), the specimen sheet
LINN-HS857-2-1 corresponds to Garcinia cambogia in the
Linnaean collection. The investigation employed a com-
prehensive set of corrosion analysis techniques, including
physicochemical characterisation, electrochemical measure-
ments, surface morphological studies, quantum mechanical
calculations, ANN modelling, and RSM-based optimisation.
Although the medicinal properties of Garcinia cambogia
have been extensively studied, their corrosion resistance
properties have not yet been thoroughly explored. This
prompted the selection of Garcinia cambogia, a member of
the Guttiferae family, as corrosion inhibitors. Although there
are many bioactive substances present in Garcinia cambogia
leaf extract, the main groups of chemicals are hydroxycitric
acid (HCA) and hydroxycitric acid lactone (HCA lactone)
[13]. The structures of HCA and HCA lactone are shown in
Fig. 1. Acidic solutions are widely used in various indus-
trial processes making HCI and H,SO, suitable corrosive
media for this study. Gravimetric and electrochemical
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measurements were performed to evaluate the corrosion
rate of mild steel with various concentrations of GCE at
room temperature. Furthermore, employing response surface
methodology (RSM) and artificial neural networks (ANN),
the impacts of temperature, acid concentration, and GCE
concentration on inhibitory efficiency were modelled and
optimised.

Although several plant extracts have been utilized for
their corrosion inhibition potential, Garcinia cambogia
extract has not been explored for its inhibition efficiency on
mild steel in HCI and H,50, media. In addition to conven-
tional corrosion studies such as weight loss, electrochemi-
cal, and morphological analyses, the present work applies
advanced computational tools—Artificial Neural Networks
(ANN) and Response Surface Methodology (RSM)—to
develop robust predictive models. Thus, this study bridges
the gap between experimental observations and reliable pre-
dictive tools for practical industrial applications.

2 Materials and Methods
2.1 Preparation of GCE

Garcinia cambogia leaves were washed with clean water,
shade dried, and ground into a fine powder. Powdered sam-
ples (5 g) were refluxed in 100 mL of ethanol for 4 h. The
extract was filtered and excess solvent was removed through
rotary evaporator [14]. The resulting extract was kept in an
airtight container at 4 °C for further tests [15, 16]. For the
experimental analysis, concentrations ranging from 1 to 5%
(v/v) were prepared.

2.2 Preparation of Mild Steel Coupons

The mild steel used consists of 97.05% iron and 2.95% car-
bon. Metal sheets of mild steel were cut into | cm” coupons,
which were then abraded sequentially using emery papers
with grit sizes of 100, 220, 440, 800, 1000, 1500, and 2000.
After the abrasion, the samples were rinsed with distilled
water and acetone.

2.3 Preparation of Acidic Media

Merck-grade HCI and H,SO, were used to prepare | M HC1
and 0.5 M H,S0, solutions, respectively. For the Weight
loss measurements, 50 mL of each acid solution was used.
The effect of temperature on corrosion inhibition efficiency
was evaluated at elevated temperatures of 303, 313, 323,
and 333 K.

2.4 FTIR Spectroscopy

FT-IR spectral analysis of the GCE was carried out using a
Shimadzu IR Affinity-1 Fourier transform infrared (FT-IR)
spectrophotometer.

2.5 Weight Loss Measurement

Weight loss measurements of mild steel coupons were con-
ducted in both the presence and absence of GCE at concentra-
tions ranging from 1 to 5 v/v% in two corrosive environments
over a 24-h immersion period at varying temperatures. Prior to
immersion, mild steel coupons were polished, measured, and
Weighed. The prepared samples were then immersed in [ M
HClI and 0.5 M H,S0; solutions, into which different concen-
trations (0-5 v/v%) of GCE were added. The solution was then
left undisturbed for 24 h. GCE was completely soluble in both
acidic media. After the immersion period, the metal coupons
were removed, cleaned, dried, and re-weighed to determine
their weight loss. Equation (1) is used to calculate the corro-
sion rate (v) of mild steel [17]:

_&w ;
= Dst &

V

where K =87.600, W is the weight loss of the metal coupon
(2). S is the total area of the coupon (cm?), D is the density
of the metal (g cm™), and t is the period of immersion (h).
Based on the calculated corrosion rates, the inhibition elTi-
ciency (n%) of the GCE was determined using Eq. (2) [18]:

100( vy — v)

n% = (2)

Uy
where v, and v indicate the corrosion rate of metal cou-
pons immersed in acid solutions without and with GCE,
respectively.

The Arrhenius Eq. (3) was used to compute the thermo-
dynamic parameters for corrosion, including the Arrhenius
parameter (A), activation energy for decay, entropy of corro-
sion (AS#), and enthalpy of corrosion (AH*).

-E,

K=Aexp (ﬁ ) (3)
where A is the Arrhenius parameter, a pre-exponential com-
ponent, E_ is the activation energy for corrosion, R is the gas
constant, T is the temperature, and K is the rate of corrosion.
To determine the AS* and AH* values, Egs. (4) and (5) were
utilised [19].

K=(RT

Nh 4)
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where N denotes the Avagadro number, and h is Planck’s
constant.

2.6 Electrochemical Analysis

An Ivium CompactStat electrochemical workstation
equipped with IviumSoft software and a three-electrode
electrochemical cell was employed for electrochemical
analyses such as electrochemical impedance spectroscopy
(EIS), potentiodynamic polarisation studies, and electro-
chemical noise studies. In the EIS and potentiodynamic
polarisation studies, a traditional three-electrode setup was
used, comprising a calomel electrode as the reference elec-
trode, a platinum electrode as the counter electrode, and
a mild steel electrode with an exposed surface area of |
cm? as the working electrode. In the electrochemical noise
experiments, two mild steel electrodes, each with exposed
surface area of 1 em?, acted as the working and counter
electrodes. All electrochemical analyses were conducted
at room temperature with varying concentrations (1-5%
v/v) of GCE added to the corrosive media.

The electrochemical workstation functioned over a fre-
quency range of 1 kHz to 100 mHz with a scan rate of
10 mV/sec in EIS. Randle’s circuit (Fig. 2) was employed
as the equivalent circuit, consists of solution resistance
(R,), double layer capacitance (Cy;) and charge transfer
resistance (R, ) or polarization resistance (R,). In the
electrochemical cell, charge transfer process places the
double layer capacitance parallel with the impedance. R
values extracted from the Nyquist plots were substituted to
determine the corrosion inhibition efficiency of the GCE,
calculated using Eq. (6) [20].

100(R’, = R.,)

nEIS % = %
ct

(6)
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Here, R'ct and Ret refer to the charge-transfer resist-
ance of the working electrode with and without GCE,
respectively.

The open-circuit potential (OCP) method was utilised
for potentiodynamic polarisation studies to examine the
relationship between the current and potential for mild
steel immersed in the test solution. The potential applied
to the working electrode (mild steel) ranged from —250 to
+250 mV, with a scan rate of 1 mV/s. The inhibition effi-
ciency (npa%) was determined using the corrosion current
density (i) values derived from the analysis of both anodic
and cathodic polarization curves, according to Eq. (7) [5]:

l(}(}(im“ =il )

1

npol% = (7

corr

ico and i’ denote the corrosion current densities of the
working electrode in the absence and presence of the GCE,
respectively.

Alternatively, the corrosion inhibition efficiency can be
determined from the polarisation resistance values using

Eq. (8).

100(R, ~ R, )
gy % = —————— 8)
R;)
where R’ and R, are the polarisation resistances with and
without the GCE, respectively.

Electrochemical noise experiments were conducted for
the period 1200 s.

2.7 Surface Morphological Studies

Surface morphology studies were conducted using (AFM;
WITEC ALPHA300 RA). Mild steel coupons were
immersed in 1 M HCI and 0.5 M H,SO, solutions in the
presence and absence of GCE for 24 h. Following the
immersion period, the metal coupons were subjected to
surface characterisation.

2.8 Quantum Chemical Calculations

Quantum chemical investigations of HCA and HCA lactone,
the active components of GCE, have established its anti-
corrosion behaviour. The mechanism of corrosion inhibi-
tion is explained by the interaction between the HOMO of
the inhibitor (GCE) and LUMO of mild steel (Fe). A lower
energy gap (AE=E, ,yo—Eyome) indicates a higher ten-
dency of the inhibitor to adsorb rapidly onto the metal sur-
face [21]. The quantum chemical parameters were calculated
using DFT with GAMESS software. The B3LYP function
was employed as the correlation method and STO-3G was
used as the basis set.
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2.9 Artificial Neural Networks (ANN)

Inspired by the human brain, artificial neural networks
(ANNS5) are potent computational tools for solving complex
and challenging issues in machine learning, data analysis,
and pattern recognition. An ANN consists of input, hidden,
and output layers that in turn receive, process, and forecast
data [22]. The backpropagation method reduces the differ-
ence between the initial output and the ANN output.

The fundamental mathematical expressions for the neural
network are as follows.

Vo = X Way + Qs X, i the input, w,,, is the weight
associated with the nth node to the mth hidden layer, g, is

Start with
Experimental
Data

Train the data set

__using LMA
Increase MSE and R
_ data goal meet?

Finish
Fig.3 Flow chart of ANN using LMA

Fig.4 ANN Architecture for the
prediction of IE

GCE Concentration

ACID Concentration

Temperature

Input laver

the hidden mth layer bias [23]. The weights are modified
during the training process.

Throughout the investigation, the Levenberg—Marquardt
algorithm (LMA) was used for data validation, testing,
and training. LMA’s improved robustness, convergence
rate, and speed of the LMA make it a good choice for
neural-network training. Figure 3 shows the flow chart of
the basic ANN algorithm.

The study used samples from the experimental investi-
galion as input variables o train the artilicial ncural net-
work. Temperature, HCI concentration, and GCE concen-
tration were three distinct input nodes. The experimental
inhibition efficiency samples were regarded as the output
layers. Figure 4 shows the neural network model used to
forecast the inhibition efficiency.

2.10 Response Surface Methodology (RSM)

The response surface methodology (RSM) has emerged
as a widely used optimisation technique in recent years.
It is employed to analyse the inlluence ol individual test
factors and their interactions on a response variable and
to develop an empirical model that predicts optimal pro-
cess conditions [24]. In corrosion studies, RSM is used to
determine the optimum parameter conditions to achieve
maximum corrosion inhibition efficiency. In the present
study, the Minitab 19 programming tool was used for
the experimental design using the Box—Behnken design
(BBD), which comprised 15 experimental runs. Three
test factors were applied: X, temperature (K): X,, GCE
concentration (v/v %); and X5, acid concentration, each
evaluated at three levels, as outlined in Table 1.

output layer
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Table 1 Level of factors of

SIL Factor Ini t S
S0 i nsned s pcadid I. no actor Code Unit Level of factors
form Low (=1) Center (0) High (1)
1 Temperature X, K 313 323 333
2 GCE concentration X, viv¥% 1 3 3
3 Acid concentration X; M 0.5 1 15

%Transmittance

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm')

Fig.5 FTIR spectrum of GCE

3 Results and Discussions
3.1 FTIR Spectroscopy

FTIR spectrum of GCE (Fig. 5) displays distinctive
stretching and bending frequencies for different bonds.
The O-H stretching vibration, a hydrogen bonding band.
is indicated by the broad band at 3281 cm™' Alkyl C-H
stretching bonds are represented by two strong peaks at
2917 and 2850 cm™', whereas > C=0 stretching band was
seen at 1731 cm™". Carboxylic acids can be attributed to
this peak. Aliphatic and aromatic C=C stretching vibra-
tions are responsible for the peaks at 1622 and 1463 em™),
respectively. Weak bands of C-O stretching vibration were
visible at 1242 and 1031 cm™". In summary, heteroatoms,
aromatic rings, and unsaturated molecules are responsi-
ble for the distinct peaks of GCE. The hydroxyl groups
present in the GCE molecules facilitate their adsorption
onto the mild steel surface, forming a protective film. This
adsorbed layer acts as a barrier, blocking corrosive species
and thereby reducing the rate of corrosion.

@ Springer

Table2 Weight loss measurements of mild steel with and without
GCE in 1 M HCI and 0.5 M H,SO, at room temperature for 24 h

Conc. (v/v %) Corrosion rate (mm/yr) Inhibition ¢lliciency

)

IMHCI 05MH,S0, [MHCI 0.5MH,S0,

Blank 3.95 35.57 - -

1 1.77 18.83 55.12 47.06
2 1.44 16.92 63.49 5241
3 1.20 15.08 69.53 57.59
4 1.08 13.22 72.48 62.82
5 0.32 8.70 91.73 75.53

3.2 Weight Loss Measurements
3.2.1 Effect of Concentration

Weight loss measurements were used to assess the stabil-
ity of the adsorption layer on the metal surface. Table 2
showed the corrosion rate (v) and inhibition efficiency
(n%) in both acid media. Metal corrosion potency in 1 M
HCI and 0.5 M H,SO, solutions rose in synchrony with
GCE content.

In 1 M HCI at room temperature, GCE showed an
extreme n% value of 91.73% at the maximum concentration
(5 v/v%) and a lower n% value of 55.12% at the lowest con-
centration (1 v/v%). GCE demonstrated marginally higher
metal corrosion inhibition efficiency in hydrochloric acid
medium compared to sulphuric acid medium. At 5 v/v%,
the greatest n% in 0.5 M H,S0, was 75.53%. The corro-
sion inhibition efficiency depends on surface coverage of
inhibitor molecules. At higher GCE concentrations, more
inhibitor molecules adsorb onto the metal surface which
causes greater surface coverage and less acidic corrosion
of mild steel. The anticorrosion activity of GCE, which is
made up of several complex phytochemicals, can be linked
to the electron-donating capabilities of the hydroxyl groups,
carbonyl groups, heteroatoms, and unsaturated compounds
that are present in GCE. Compared to the sulphate ions,
the chloride ions had less hydration. As a result, chloride
ions may adsorb differently than sulphate ions [25]. Since
there are enough deposited CI™ ions on the metal surface to
provide negative charges towards the acidic media, hydroxy-
citric acid (HCA) adsorbs Iz in its cationic form.
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When compared with reported extracts, GCE dem-
onstrates outstanding inhibition efficiency. Vibha Joshi
et al., investigated that Piper chaba extract showed
86.53% anticorrosion performance at 1 g/L extract by
coating for mild steel in 2 M H,SO, [26] Vishwajeet
Bachhar and co-workers reported that Calyptocarpus via-
lis extract showed 82.69% corrosion inhibition efficiency
for mild steel in 2 M H,SO, by weight loss method [27].
Rajesh Haldhar et al., found Quercus palustris leaves
extract as a green corrosion inhibitor for low-carbon steel
having ~91% corrosion inhibition efficiency in acidic
media at 1.00 ¢/L. GCE exhibited better IE (91.73%) in
1 M HClI than all these recently cited works [28].

3.2.2 Effect of Temperature

Weight loss data at four distinct temperatures (303, 313,
323, and 333 K) were used (o assess the impact of tem-
perature on metal corrosion process. Table 3 calculates
the fluctuations in corrosion rate and inhibition efliciency,
which are displayed in Fig, 6. The data clearly shows a direct
relationship between temperature and corrosion rate. The
inhibitory potency for 5% GCE concentration in HCI solu-
tion significantly decreased from 91.73 to 72.08% when the
temperature was raised from 303 to 333 K. Similarly, at the
maximum concentration investigated, the inhibitory potency
dropped from 75.53 to 62.46% in H,SO, medium. This pat-
tern could be explained by GCE molecules desorbing off the
metal surface at high temperatures, which disintegrates the
protective layer of metal [29].

Table 3 Corrosion rate (v) and inhibition efficiency (n%) of GCE in 1 M HCI and 0.5 M H,SO, at different temperatures for 24 h

Medium Conc (viv%) tv(303K) n%(303K) vuv@3I3K) % (313K} ¢(323K) 1% (323K) v(333K) n%((333K)
I M HCl Blank 395 13.11 22.05 - 31.77 -
1 L7 35:12 6.23 52.48 10.94 50.40 16.78 47.18
2 1.44 63.49 52 56.37 10.09 54.25 15.56 51.02
3 1.20 69.53 4.15 68.34 8.13 63.14 13.69 56.91
4 1.08 72.48 3.79 71.09 8.05 63.50 13.28 58.20
5 0.32 91.73 2.26 82.76 5.01 77.28 8.87 72.08
0.5 M H,SO, Blank 35.57 - 58.27 - 86.25 - 106.2 -
1 18.83 47.06 32.69 43.89 50.95 40.92 64.14 39.63
2 16.92 5241 28.58 50.95 45.58 47.15 59.64 43.87
3 15.08 57.59 25.36 56.47 40.95 52.52 5491 48.32
e 1322 62.82 22.98 60.56 36.23 57.99 51.92 51.13
5 8.70 7553 15.77 72.93 30.14 65.05 39.88 62.46
Tem perature 303K Temperature ;031'5
Y;m pera lu!; 3 25K b) I E e Tem-per;turej 323K
= = = { ta =
2 S:’ - [ Y :
= j =
i dg = tl 2
| 20 _-f: ji <0 :’f
) 6
o
i
C‘&'c.’.
,,,e,’%r p
J,,%. 7

Fig.6 Variation in inhibition efficiency of GCEina | MHCL b 05 M H
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Metal corrosion activation energy was determined using
Arrhenius equation (Eq. (3)). For mild steel in acidic envi-
ronments with and without GCE, plot of log K vs. I/T is
shown in Figs. 7a and 8a. From transition state theory,
variables like entropy of activation (AS*) and enthalpy of
activation (AH*) were derived. AH* and AS¥* values are
represented by the slope and intercept of log K/T vs. I/T
plots (Figs. 7b and 8b). Table 4 shows that all thermody-
namic parameters were computed, including pre-exponen-
tial factor (A) and activation energy (E,). E, values from
Table 4 indicate that the metal corrosion activation energy
is higher for the solution without GCE compared to that
with GCE. Metal dissolution rate was found to decrease
with increasing GCE concentration, due to corresponding
increase in activation energy (E,) [30]. Positive enthalpy
of activation values demonstrated the endothermic nature

= blank

1

8%

]

50

log K (mm/'s)
L]

R’ values
blank-0.938
1309471
2%-09371

log K/T (mmyr' K1)

of metal corrosion [31]. AH* and AS* readings rose in
tandem with GCE concentration.

3.3 Adsorption Isotherm

Surface coverage and temperature were found to be inversely
linked to one another based on weight loss measurements.
This suggests that at higher temperatures, the corrosion
products become less stable. Elevated temperatures have
the potential to (1) accelerate the kinetic oxidation reaction
and (2) accelerate the rate of desorption. At higher tempera-
ture, the metal surface’s electrical charge raised which also
suggesting that surface coverage and temperature have an
inverse relationship.

The presence of active adsorption sites on the metal sur-
face is blocked by the deposited inhibitor molecules. This
could be because the inhibitor and the metal surface interact
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Table 4 Thermodynamic

; Medium  Conc (v/v %) E kmol™ A AH* (KJ mol™}) AS* (Tmol™ K™
parameters of mild steel s

corrosion with and without 1M Blank 57.24 3.58 x 10'954.60 —44.78
gf:st:' e e HCl I 61.70 9.40 x 10'959.06 <
- 2 65.09 3.03 x 10'162.45 -27.00
3 67.18 5.42 x 10" 64.54 -22.19
4 69.67 1.31 x 10'267.03 —14.83
5 90.45 1.79 x 10" 87.81 45.17
0.5M Blank 3096 8.16 x 10°28.30 —114.51
H,80, | 3472 1.92 x 107 32.08 —107.36
2 35.72 2.54 % 10733.08 —105.07
3 36.63 3.22 % 10734.01 —103.09

4 38.32 5.50 % 107 35.68 —98.630

5 43.88 3.31 % 10%41.24 —83.710

more strongly than the metal surface and water molecules
do. Adsorption model for metal-inhibitor interactions is typi-
cally determined using the Langmuir, Temkin, Freundlich,
El-Awady, Flory—Huggins and Frumkin, isotherms [32].
Frumkin isotherm, which plots log [1/c(8/(1 —0))] vs. 0 for
1 M HCl, was determined to have the best fit. On the other
hand, Freundlich isotherm obeyed in 0.5 M H,50,,. Frumkin
and Freundlich isotherms appropriate for the adsorption of
GCE molecules on the metal surfacein 1 M HCland 0.5 M
H,SO, are displayed in Fig. 9a and b, respectively.

A noticeable departure of the slope from unity indicated
that the isotherm could not be firmly applied, even though
the linearity of the isotherm demonstrated that the adsorp-
tion of GCE obeyed the Freundlich isotherm in H,SO,. The
apparent heterogeneity on the metal surface in sulphuric acid
solution can be used to explain the slope’s deviation from
unity [33].

Mechanism of GCE adsorption on the metal surface
can be inferred from the relationship between AGL’dSand

! m———————
y= -3.2866:( +1.1531 @
16 - RE=gO98H4 |

08 _

log1/C[0/1-0

-0.4

O e P o ettt M e b

0 0.2 0.4 0.6 0.8 1
a) 9

adsorption equilibrium constant K, [34], as illustrated in
Eq. (9).

AG) =-RTIn(555K,,) 9)

The adsorption behaviour of GCE molecules on the mild
steel surface was both physisorption and chemisorption,
as demonstrated by AGS 4 for GCE-mild steel adsorptions,
which were —26.98 and —29.70 kJ mol~" in 1 M HCI and
0.5 M H,S50,, respectively [35]. Ky, values in 1 M HCI and
0.5 M H,SO, were determined to be 2572.016 and 867.227,
respectively for GCE adsorption. GCE molecules prefer-
entially adsorb onto the metal surface in HCl medium as
opposed to H,SO, media, according to higher values of K 4.

Figure 10 shows the reliable surface interaction of
the GCE molecules on mild steel. The primary compo-
nents of GCE are mainly involved in corrosion inhibition,
despite the presence of a myriad of other compounds. The
strong adsorption of HCA and HCA lactone onto the metal

1 o S— - - - —— y
|y =0.0674x+ 0.3888 !
. R® = 0.9334 |
. i
o 06 [ . - |
0.4 .
0.2
0.2 2 a.2 6.2
b) Conc. (v/v %)

Fig.9 a Frumkin adsorption isotherm of GCE on mild steel in 1 M HCI and b Freundlich isotherm of GCE on mild steel in 0.5 M H,S0,
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Fig. 10 Interaction diagram of GCE molecules with mild steel

surface occurred through electron donation from the oxy-
gen atoms found in their alcoholic, acidic, and lactone
functional groups. This leads to the development of a pro-
tective layer that inhibits metal corrosion. Additionally,
HCA and HCA lactones may engage in back-donation
interactions, in which d-electrons from the metal are trans-
ferred to the n° orbitals of these molecules. Apart from
these chemisorption interactions, physisorption of GCE
also occurs. Initially, chloride or sulfate ions present in
the acidic medium migrate toward the surface of mild steel
and contribute to its cathodic activity. Subsequently, the
larger cationic molecules of GCE were adsorbed onto the
metal surface via a substitutional adsorption mechanism,
replacing the smaller acid ions. This process disrupts both
anodic and cathodic reactions associated with corrosion,
ultimately reducing the rate of metal dissolution.

3.4 Electrochemical Impedance Spectroscopy

Mild steel corrosion impedance responses in 1 M HCI with
and without GCE are shown in Fig. 11 and 0.5 M H,50, in

2
)
(¥4
o
1

mcm

1007]

z”(0h
g .

| i v

[=]

Z2”(0Ohm cm?)

TS B o e (R s —T

r T T " 7
50 100 150 200
Z’(Ohm cm?)

Fig. 11 Nyquist plots of mild steel with and without GCE ina 1 M HCland b 0.5 M H,SO,

@ Springer

Fig. 12, as Nyquist and Bode graphs respectively. Nyquist
plot’s depressed semicircular form indicates that a charge-
transfer reaction occurs during the metal dissolving process
[36]. An increase in the Nyquist plot’s diameter with rela-
tion to concentration was used to calculate the ability of
GCE molecules to slow down metal corrosion. Bode plots
show that, in comparison to the blank experiment, the phase
angle peaks grew wider and higher as the GCE concentra-
tion ascended. This was explained by mild steel’s decreased
capacitive behaviour, which showed how GCE molecules
interacted with the metal surface [37]. The findings of
impedance study are shown in Table 5. Using Eq. (3), the
percentage inhibition efficiency was determined.

As shown in Table 5, R, values increased with ris-
ing GCE concentration, whereas Cy; values exhibited an
opposite trend. The addition of GCE leads to an increase
in R, values, indicating stronger inhibition efficiency. The
decrease in C; values is attributed to the adsorption of GCE
molecules, which displace water molecules at metal-solution
interface. Mild steel surface develops an adsorption layer as
a result, which lowers the rate of metal corrosion. Compared
to sulphuric acid, GCE showed noticeably superior metal
protection in hydrochloric acid. The maximum efficiency in
sulphuric acid was only 72.06%, while the maximum effi-
ciency in HCI was 89.73%. This outcome correlates with
weight loss measurements.

3.5 Potentiodynamic Polarization Studies

Potentiodynamic polarisation studies have examined how
mild steel anodic dissolution and cathodic hydrogen reduc-
tion vary with and without GCE because redox reactions
control metal corrosion. Tafel and linear polarisation graphs

80 1 b s Blank
— |0y
- e "DD
]
e 409
60 ssmess S04
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for mild steel at difterent GCE concentrations in 1 M HCIL
and 0.5 M H,SO, are displayed in Figs. 13 and 14. Linear
fragment of the anodic and cathodic Tafel plots was extrapo-
lated using E_,, values to yield i, values. GCE signifi-
cantly altered the slope of the curves at all concentrations,
according to Tafel plots, suggesting that adding GCE to acid
solutions regulated oxidation-reduction reactions.

corr
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o 2
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This could limit cathodic hydrogen evolution processes
and reduce mild steel’s anodic dissolution [38]. Table 6
provides a summary of the potentiodynamic polarisation
parameters obtained from Tafel and linear polarisation
plots as well as the associated computed inhibition effi-
ciencies. Table 6 shows that, when dipped in an acidic
environment, the corrosion potential values shift from
negative to more positive, going from uninhibited metal
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Fig. 12 Bode plots of mild steel with and without GCE ina 1 M HCl and b 0.5 M H,S50,

Table 5 Impedance parameters

ante , Conc. (viv%) 1 MHCI 0.5 M H,S0,

for mild steel in 1 M HCl and =

0.5 M H,SO, with and without R, (Qcm®)  CyFem™)  nu% R (Qem?)  Cy@Fem™) %

GCE
Blank 15.7 78.8 - 18.1 47.4 -
1 321 72.0 5109 335 48.0 45.97
2 40.6 62.4 6133 35 48.8 48.43
3 42 60.9 6447 384 45.4 52.86
4 48.8 56.9 67.82 422 46.9 57.10
5 153 53.6 89.73 648 43.6 72.06
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Fig. 13 Tafel plots of mild steel with and without GCE ina 1 M HCl and b 0.5 M H,S0,
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Fig. 14 Linear polarization plots of mild steel with and without GCE ina 1 M HCl and b .5 M H,SO,

to inhibited metal. Nevertheless, there has not been any
specific analysis of this shift. It is possible to relate this to
GCE’s mixed manner of inhibition [39]. This pattern dem-
onstrates how GCE molecules promote mild steel metal
passivation by their contact with metal surface, success-
fully sealing the surface against further reaction. At higher
concentrations, GCE exhibited strong inhibition efficien-
cies of 92.51% in 1 M HCl and 74.93% in 0.5 M H,S0Os.,
resulting in a significant decrease in current density.
Polarization data indicated that the enhanced resistance
of mild steel in acidic solutions containing GCE could
be attributed to its strong corrosion inhibition properties.
Polarisation resistance was 217.5 Q em? in 1 M HCI and
167.1 Q em? in 0.5 M H,S0, at 5 v/v% GCE concentra-
tion. The increase in polarization resistance with higher
GCE concentration suggests that complex compounds in

the extract may prevent further polarization of mild steel
at metal-acid interface [40].

3.6 Electrochemical Noise Measurements

It is simple to identify pitting corrosion on mild steel by
looking for changes in the electrode potential. Figure 15 dis-
plays the current noise data for mild steel in 1 M HCI and
0.5 M H,S0, solutions with different GCE concentrations.
As the concentration of GCE increased, amplitude of cur-
rent noise dropped, suggesting that the corrosion process
was significantly stopped. Figure 16 displays PSD graphs
for metal dipped in 1 M HCI and 0.5 M H,SO, with dif-
ferent GCE concentrations. This demonstrates that current
noise’s magnitude reduces with increasing frequency. It
18 clear from looking at the aforementioned figure that in

Table 6 Potentiodynamic
polarization parameters for mild
steelin 1 MHCland 0.5 M

Tafel data

Polarization
data

H,S0, with and without GCE

Medium Conc. (Vv %) =E, (mV) i, (MAcm?) b, (mV/dec) —b, (mV/dec) Moot R, () ny 5

IM Blank 597.9
HCI 4922
506.2
507.3
4873
4953
.5M  Blank 602.2
H,S0, 567.9
574.7
572.5
581.6
5779

= e —

wn

VB W N —

1240 166 221 - 3314 -

441 97 172 6443 68.92 5191
424 94 139 65.80 82.73 5994
378 104 157 69.51 84.99 61.00
358 89 166 7112 89.21 62.85
92.8 72 132 9251 2175 8476
1616 184 193 = 25.30 -

792 194 179 5099 57.16 55.73
743 186 174 54.02 60.06 57.87
726 187 180 5507 6244 5948
567 176 152 6491 8282 6945
405 167 144 7493 167.1 B84.85
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both acid solutions, current noise for uninhibited metal was
higher than that for inhibited metal [41]. Ability of GCE
molecules to prevent metal corrosion in acidic environments
.was examined.

It is also known as pitting resistance equivalent number
(PREN), or pitting index. It is a sign of how resistant a metal
is to corrosion [42]. Pitting index curves are displayed in
Fig. 17 for mild steel exposed to acid solutions with and
without difterent concentrations of GCE.

It is evident from the figure that pitting index value
improved in parallel with GCE concentration. At the high-
est concentration under investigation, pitting index value was
higher in HCl media, while it was lower in H,50, medium.
It can be inferred from a comparison of the pitting index
values for inhibited and blank metal that the metal with GCE
exhibits superior corrosion resistance in aggressive condi-
tions. Additionally, it demonstrated that GCE had better
anti-corrosion properties in 1| M HCl than in 0.5 M H,50,.

@ Springer

3.7 Atomic Force Microscopy

Due to its effectiveness as a tool for surface morphological
research, AFM analysis supports the surface interaction of
GCE on mild steel. Figure 18a—e displays three-dimensional
images of AFM analysis of metal over 24-h period of immer-
sion, Table 7 lists the parameters for surface roughness. Sur-
face topography of smoothed metal surface is depicted in
Fig. 18a, where its average roughness value (R,) 1s 26.11 nm
lower than that of the metal dipped in acid media. Figure 18b
and d represents the corroded metal surfaces exposed to 1 M
HCl and 0.5 M H,SO,, respectively. R, values for the blank
experiment were higher than those of the metal dipped in
acid solutions containing 5 v/v% GCE. Figure 18¢ and e
display the inhibited metal surfaces in 1 M HCl and 0.5 M
H,S0O,, respectively. R, values of the inhibited metal fell
between those of the smoothened metal and the metal from
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protective adsorption coating of GCE molecules, preserving
smooth and fine metal surfaces [43]. Additionally, it was
noted that the metal with GCE had lower roughness char-
acteristics in 1 M HCI than in 0.5 M H,SO,. This provides
more evidence that GCE has a stronger inhibitory capability
in HCI than in H,S0,.

3.8 Quantum Mechanical Calculations

A major factor in determining an inhibitor’s capability is its
electronic and spatial molecular structures. The optimised
geometry, HOMO, and LUMO of two crucial GCE com-
ponents, HCA, and HCA lactone, are displayed in Fig. 19.
The following quantum mechanical parameters are calcu-
lated and provided in Table 8: HOMO (Ejp0) and LUMO
(E, umo) energies, chemical potential (u), ionisation energy
(IN, electron affinity (A), electronegativity (), hardness (n),
and the number of electrons transferred (AN) of HCA and
HCA lactone.

Enhanced inhibitory potential was facilitated by lower
ionization energy values and reduced energy gap (AE). As
shown in Table 8, HCA lactone primarily reduces the energy
gap (AE) and increases the likelihood of electron donation,
evidenced by its lower AE value compared to HCA. Addi-
tionally, HCA contributes to the improved inhibitory effi-
ciency of GCE. The distribution of electrons in a molecule
is measured by electronic chemical potential (u). Large val-
ues of p are generally thought to promote the adsorption of
an inhibitor, even though the electronic chemical potential
(u) cannot predict the direction of corrosion inhibition [44].
The increased p values for HCA and HCA lactone suggest
that these two important components work well together to
provide inhibitory efticacy of GCE. A higher AN value indi-
cates that the inhibitor molecule donates a greater number
of electrons to the vacant d-orbitals of the metal surface,
resulting in stronger adsorption and enhanced corrosion
inhibition efficiency.

3.9 Artificial Neural Networks (ANNs)

The total experimental samples of the ANN model were split
into three categories: training data (70.77%), validation data
(11.11%), and testing data (11.11%) for the prediction of IE
in the H,S0, media. For the HCI media, 68.88% of the data
were utilised for training, 15.55% for validation, and 15.55%
for testing. (Table 9).

Table 10 provides a description of the experimental
and ANN output values of inhibition efficiency (IE). R
values were close to 1, and the MSE values were com-
paratively low, indicating that the model was effectively
trained [45]. As the ANN model was trained using experi-
mental IE. To determine IE of H,SO, ANN model uti-
lized 4 neurons whereas HCl model used 5 neurons. One

hidden layer was used in each case. Justification of ANN
architecture with number hidden layers and neurons has
been described in the Fig. 20 a and b respectively.

Figures 21 and 22 show the comparison of training,
validation, and testing values for the prediction of IE in
acidic media. The R-values were closer to 1. Thus, the
experimental IE and ANN model values were strongly
correlated.

ANN training phase error histogram for IE prediction
in the two distinct acidic media is displayed in Figs. 23
and 24. It is evident from the numbers that the major-
ity of errors are located close to the yellow line, which
represents the zero-error threshold. The error levels of
the three distinct experimental samples used for testing,
validation, and training were explained by the histogram.
Additionally, the statistics show that a low error rate was
achieved throughout the training phase.

3.10 Statistical Analysis

3.10.1 Optimization of Factors for Inhibition Efficiency
(IE%)

Corrosion inhibition potential was significantly impacted
by temperature, GCE concentration, and acid concentra-
tion, according to weight loss measurements. They were
chosen as independent factors in this study as a result.
Tables 11 and 12, respectively, display Box-Bahnken
design (BBD) structure and three levels based on the
design of test variables (X,, X,, and X;) for HCI and
H,SO,. Fifteen experimental runs were carried out. There
was a direct correlation between concentration of GCE and
corrosion inhibition efficiency. At 313 K, this technique
achieved high inhibitory efficiency with 5 v/v% GCE con-
centration in 0.5 M HCI and H,SO,. Excellent efficiency
was obtained for appropriate combination of three com-
ponents employed in the current investigation by using
RSM. Quadratic Eqgs. (10) and (11) for HCI and H,SO,
respectively indicate the regression model that was created
for the relationship between test components (X, X,, and
X5) and inhibition efficiency.
IE = 670 — 3.32X, +27.55X, — 99.7X; + 0.00436X; + 0.013X;—
209X = 0.0673X, X, +0.2833X, X, + 0.841X,X;

(10)
IE = 461 — 2.12X, + 4.44X, — 904X, + 0.00255X] + 0.349X +
3.29X2 — 0.0028X, X, + 0.2337X, X, + 0.287X, X,

(1)

where IE represents the inhibition efficiency, X, denotes
the temperature, X, denotes the GCE concentration, and X
denotes the acid concentration.
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Fig. 18 Topography of mild steel surface a smoothened, b in 1 M HCI, ¢ in | M HCl with 5 v/v% GCE, d in 0.5 M H,SO,. and e in 0.5 M

H,S0, with 5 v/v% GCE

Table 7 Surfuce roughness
parameters of mild steel by

AFM analysis

Sample R, (nm) R, (nm) R, (nm)
Smoothened mild steel 205.27 32.92 26.11
Mild steel m 1 M HCI 965.86 79.50 55.07
Mild steel in | M HCI with 5 v/v% GCE 72745 58.27 36.46
Mild steel in 0.5 M H,SO, 2176.62 23572 180.48
Mild steel n 0.5 M H,S80, with 5 v/v% GCE 1026.18 120.38 86.46

A regression model was used to create analysis of vari-
ance (ANOVA) [46]. Tables 13 and 14, respectively, show
ANOVA results for HCI and H,SO, at 95% significance
level. The most important value in this table that establishes
it a factor is significant is the P-value. 0.05 was chosen as
the degree of essentialness (). A careful examination of the
table reveals that linear and square terms of GCE concen-
tration had a P-value below 0.05, while linear and two-way
interaction terms in HCI had a P-value below 0.05. This
clarifies why the most important terms are temperature, acid
concentration, and GCE concentration. According to Pareto
charts (Fig. 25), the most notable influence on inhibition effi-
ciency in both acidic media is the linear term GCE concen-
tration. R? and R?(adj) values’ proximity to unity indicates
a model that fits the experimental data better [47]. For HCI,
R? and R*(adj) values were 0.9983 and 0.9954, while for
H,S80,, they were 0.9962 and 0.9895. The predicted model’s

| Springer

best fit to the experimental data is evident from these values.
As aresult, this approach allows for rapid evaluation of the
outcomes.

Regression analysis was supported by the main effect
charts. This demonstrates how the parameters under test
affected the response [48]. The main effect graphs for the
fitted means of inhibitory efficiency in HCI and H,50,
media are displayed in Fig. 26. The highest inhibitory effi-
ciency was obtained with 5 v/v% concentration of GCE at
an operating temperature of 313 K with (.5 M concentra-
tions of HCI and H,S0O,, according to the analysis of the
preceding figure. Velocity of bombardment between the
molecules increases as the temperature rises because the
kinetic energy of inhibitor molecules rises as well. This
inclination tendency may reduce inhibition efficiency by
hindering the inhibitors™ ability to form an adsorbed pro-
tective layer on the metal SUF ee—When concentration of
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Fig. 19 a Optimized geometry,
b HOMO, and ¢ LUMO of
HCA. d Optimized geometry, e q
HOMO, and f LUMO of HCA

lactone

Table 8 Quantum mechanical
Molecul E Biii AE 1 A X
parameters (in eV) of HCA (I) i HOMG L.UMO " - i AN
and HCA lactone (11) I 2131 0090 222 213 =009 =102 102 LIl 269
11 -2.148 0.066 2.21 2.14 —=0.06 - 1.04 1.04 1.10 2.691

Table 9 Data distribution of the ANN Model for the prediction of I[E

H,S0, Samples MSE R
Training 35 0.964131 0.9947
Validation 3 0.119651 0.9996
Testing 5 0.475075 0.9982
HCl

Training 31 0.588951 0.9974
Validation 0.741728 0.9991
Testing 7 0.323147 0.9787

acid increased, a similar finding was made. At the same
time, adding | to 5 v/v% GCE increased the GCE’s inhibi-
tory capacity. Because of the adsorption of inhibitor mol-
ecules, the corrosion rate dropped and efticiency enhanced
when the inhibitor was present.

Interaction plot for the two acids, which interprets any
factor interaction, is displayed in Fig. 27. A substantial
interaction between the components is indicated by any
crossed lines in the interaction plot. Straight or parallel
lines suggest that the components do not interact. The
interaction plot for inhibitory efficiency for both acids
showed no crossed lines, indicating that two-way interac-
tion terms were unnecessary (Fig. 27). Temperature and
acid concentration in HCI and H,SO, showed imperfect

parallel lines. indicating some interactions. These findings
were also added to an ANOVA analysis.

Figures 28 and 29 [49] present contour and 3D surface
plots that demonstrate the interrelationship among the
examined variables affecting inhibition efficiency (IE%).
The inhibition efficiency increased significantly when the
GCE concentration was increased at a particular temper-
ature. In contrast, the inhibition efficiency decreased as
the temperature increased, which can be ascribed to the
physisorption of GCE molecules on metal surface. The
inverse relationship between inhibition efficiency and acid
concentration strongly supports the corrosion of mild steel
at 1.5 M HCI/H,SO,.

3.10.2 Response Optimization

Maximum IE was obtained using quadratic Egs. (10) and
(11) by optimising three tested parameters (temperature,
GCE concentration, and acid concentration). This method is
called, the desirability function method. The optimum con-
ditions showed from response optimisation plots (Fig. 30)
were 313 K, 5 v/v% concentration of GCE, and (0.5 M HCV/
H,S0, concentration and the resulting IE% were 87.62% and
68.69% in HCl and H,SO, acids, respectively.
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Table 10 Experimental and
ANN output values for IE in
HCl and H,SO, media

@ Springer

GCE H,S0, Temp (K) H,SO, IE(%) H.SO, ANNIE(%) HCIIE(%) HCIANN IE(%)
Conc Conc

(vIv%) (M)

I | 313 39.60 39.9982 52.48 51.1362
2 1 313 4478 46.0342 56.37 58.1753
3 I 313 5141 50.0803 68.34 68.8490
4 1 313 56.29 55.6420 71.09 72.0050
5 l 313 62.23 63.5878 82.76 82.6564
1 ] 323 36.77 38.0411 50.40 48.7399
2 1 323 43.76 42.9958 54.25 55.0508
3 | 323 47.32 47.3019 63.14 63.2819
4 1 323 52.12 52.7534 63.50 64.5974
5 1 323 60.74 60.3846 71.28 77.2487
1 | 333 35.83 35.7349 47.18 46.7816
2 | 333 39.57 39.9691 51.02 52.3756
3 | 333 4525 46.0741 56.91 58.6596
4 1 333 50.47 51.2619 58.20 57.6096
5 1 333 58.23 58.3426 72.08 722310
i 0.5 313 43.90 44.1872 56.73 56.3506
2 0.5 313 50.95 50.2230 65.16 64.4058
3 0.5 313 56.48 55.5052 74.27 74.2439
4 0.5 313 60.56 62.6564 78.32 79.6230
5 0.5 313 72.94 71.3729 83.48 84.4926
1 0.5 323 4093 41.4392 54.79 53.8873
2 0.5 323 47.15 47.9918 62.94 60.1441]
3 0.5 323 52.52 52.5792 68.38 67.5865
4 0.5 323 57.99 58.0447 70.64 73.2427
5 0.5 323 65.06 65.2324 79.43 79.3637
i 0.5 333 39.04 39.1662 50.80 515105
2 0.5 333 43.87 43.6600 57.19 56.4891
3 0.5 333 48.32 48.0772 62.66 61.8778
4 0.5 333 51.14 53.0440 67.70 67.3058
5 0.5 333 62.47 60.4200 75.13 75.4077
| 1.5 313 36.15 35.4734 46.61 46.1140
2 15 313 40.58 41.5982 53.52 5227159
3 1.5 313 46.14 46.4441 60.61 6(0.5091
4 155 313 53.28 52.7719 67.94 68.0480
5 1.5 313 60.78 61.1368 78.11 77.3670
1 IS 323 3345 33.1896 44.22 43.9097
A 15 323 37.73 38.5758 50.11 50.2785
3 15 323 45.90 44.2455 58.54 57.4205
-~ 1.5 323 50.13 498211 62.70 62.7839
5 1.5 323 58.73 57.4035 12.22 71.5874
1 155 333 3570 32.4695 40.36 41.3742
2 1.5 333 35.37 35.6812 48.83 47.6354
3 .5 333 42.66 42.2863 54.66 53.6438
4 IS5 333 47.54 47.3086 56.34 57.0017
5 1.5 333 53.04 54.0091 63.62 64.2909
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Fig.20 a ANN architecture (a) .
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Fig.22 ANN and experimental Training: R=0.99741 Validation: R=0.99919
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Table 11 Experimental and

peaklictsd IE% froeweiphitloes Run order Actual level of factors IE% Residual
measurements and BBD for HCl X, X5 X; Experimental Predicted
medium
1 313 1 1 5248 53.00 2.348
2 333 | 1 47.18 47.30 0.886
3 313 5 1 82.76 82.64 0.886
4 333 5 1 72.08 71.56 2.348
5 313 3 0.5 7427 73.59 0.282
6 333 3 0.5 62.66 62.37 2.952
7 313 3 15 60.61 60.90 2.952
8 333 3 1.5 54.66 55.35 0.282
9 323 1 0.5 54.79 54.96 2.066
10 323 5 0.5 79.43 80.23 0.603
11 323 I 1.5 44.22 4342 0.603
12 323 5 1.5 72.22 72.05 2.066
13 323 3 ! 63.14 63.14 0.001
14 323 3 I 63.14 63.14 0.001
15 323 3 1 63.14 63.14 0.001
E::)(;?c::d Eg‘ge;g:sr:fi;rdlnss Run order Actual level of factors IE% Residual
measurements and BBD for X, X, X, Experimental Predicted
H,SO,; medium
I 313 1 | 39.60 39.53 0.062
2 333 1 1 35.82 34.80 1.028
3 313 5 1 62.23 63.26 —1.028
4 333 5 1 58.23 58.29 -0.062
5 313 3 0.5 56.47 55.71 0.758
6 333 3 0.5 48.32 48.53 -0.207
7 313 3 15 46.13 45.92 0.207
8 333 3 1.5 42.65 4341 -0.758
9 323 1 0.5 40.92 41.74 —0.821
10 323 5 0.5 65.05 64.78 0.269
11 323 1 1.5 3345 33.72 -0.269
12 323 5 1.5 58.72 5790 0.821
13 323 3 1 47.32 47.32 0
14 323 3 1 47.32 47.32 0
15 323 3 1 47.32 47.32 0

4 Conclusions

This study highlights the potential of Garcinia cambogia
extract (GCE) as a green, eco-friendly corrosion inhibitor
for mild steel in both 1 M HCI and 0.5 M H,SOs environ-
ments. GCE demonstrated high inhibition efficiencies of
91.73 and 75.53% in 1 M HCI and 0.5 M H,S04 respec-
tively, at room temperature, analysed through weight
loss, electrochemical (EIS, PDP), and surface analysis
(AFM) techniques. The mixed-type inhibition behaviour,
increased charge transfer resistance, and reduced dou-
ble-layer capacitance suggest strong adsorption of GCE

molecules on the mild steel surface. Quantum chemical
calculations of its key components (HCA and HCA lac-
tone) further validated for its inhibitory action.

Novelty lies in the use of a naturally occurring, sustain-
able and biodegradable extract that shows strong anti-cor-
rosion performance in both acidic media, supported by a
combination of experimental and computational methods.
including RSM and ANN modelling for predictive efficiency.

However, limitations include reduced corrosion inhibition
performance at elevated temperatures and the complex com-
position of plant extracts, which may vary between sources
and batches.

@ Springer
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Table 13 Analysis of variance

for IE% in HCI medium Source DF Adj SS Adj MS F-Value P-Value
Model 9 1807.96 200.88 33549 0.000
Linear 3 1788.01 596.00 995.35 0.000
Temperature I 140.67 140.67 234.92 0.000
GCE Conc 1 1452.89 1452.89 2426.37 0.000
Acid Conc 1 194,46 194 46 32476 0.000
Square 3 1.86 0.62 1.04 0.452
Temperature* Temperature 1 0.70 0.70 AR 0.328
GCE Conc.*GCE Conc 1 0.01 0.01 0.02 0.906
Acid Conc.*Acid Cone 1 1.01 1.01 1.68 0.251
2-Way Interaction 3 18.09 6.03 10.07 0.015
Temperature*GCE Conc 1 7.24 7.24 12.09 0.018
Temperature®Acid Conc 1 8.02 8.02 13.40 0.015
GCE Conc.*Acid Conc 1 2.83 2.83 4.72 0.082
Error 5 2.99 0.60
Lack-of-Fit 3 2.99 1.00 * »
Pure Error 2 0.00 0.00
Total 14 1810.96

DF degrees of freedom. Adj 55 adjusted sum of squares. Adj MS adjusted mean of squares, F Fischer's

F-test value, P probability

Table 14 Analysis of variance

for IE% in H,SO, medium Source DF Adj SS Adj MS F-Value P-Value
Model 9 1287.93 143.10 147.40 0.000
Linear 3 1273.00 42433 437.08 0.000
Temperature 1 47.06 47.06 48.47 0.001
GCE Conc 1 1114.86 1114.86 1148.34 0.000
Acid Conc 1 111.08 111.08 114.42 0.000
Square 3 9.13 304 313 0.125
Temperature*Temperature 1 0.24 0.24 0.25 0.640
GCE Conc.*GCE Conc 1 7.20 7.20 7.41 0.042
Acid Conc.*Acid Cone 1 2.49 2.49 2:517 0.170
2-Way Interaction 3 5.80 1.93 1.99 0.234
Temperature*GCE Conc 1 0.01 0.01 0.01 0.913
Temperature®Acid Conc 1 5.46 5.46 5.63 0.064
GCE Conc.*Acid Cone 1 0.33 0.33 0.34 0.586
Error 5 4.85 0.97
Lack-of-Fit 3 4.85 1.62 * *
Pure Error 2 0.00 0.00
Total 14 1292.78

DF degrees of freedom. Adj SS adjusted sum of squares, Adj MS adjusted mean of squares. F Fischer's

F-test value, P probability

Future work should focus on isolating the most active
compounds within GCE, exploring long-term stability under
dynamic industrial conditions, and scaling up for practical
application.

The industrial world highly recommends the develop-
ment of environmentally sustainable corrosion inhibitors for

&) Springer

solving both material and financial losses. In this research
work, a green corrosion inhibitor- Garcinia cambogia
extract (GCE)—is employed for mild steel in 1 M HCI and
0.5 M H,50, media.
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Fig. 27 Interzction plot for [E% in a HCL b H,SO, medium
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