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Abstract
Garcinia cambogia extract (GCE) was employed as a green corrosion inhibitor, a sustainable alternative lo toxic and non-
biodegradable synthetic inhibitors, on mild steel in I M HCI and 0.5 M HrSO4. Corrosion inhihition elliciency ofGCE was

assessed using physicochemical, electlrchemical, norpholo€dcal, and quartum chemical tech ques. IUu'eover, the ell'ects ot
inhibilor concentration, acid concenration, :nd lenperamre on the inhibition efticiency (IE) tr'ere modelled and optimised by
response sudace lnethodology (RSM) and artificial neural neturrk (ANN). Electochemical studies revealed that GCE acts

as a mixed type corrosion inhibitor. Kinetic and thermodynamic data suggested that CCE adsorbs onlo the metal surface via
both physisorption and chemisorption. Modelling of parameters usirrg arr artificial neural retu ork (ANN) ixdicated that the
model was trained eli'ectively. The dual nse 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 indushial conditions.

Keywords Corrosion inhihitor.GCE. Adsorption. EIS . ANN . RSM

l lntroduction engineering. mining, and oil and gas, operate in acidic envi-
ronments where metals react with acids or other corrosiye
substances, causing the breakdown oftheir structure, weak-

ening the material, and leading to gradual metal loss over
time. Corrosion rnhibitors are etl-ective li)r protectirg met-
als from deterioration wheo exposed to aqueous solutions,
particularly in closed systems such as cooling and heating
systems- In recent years! green chemistry principles have
garnercd siglilicant attelruolr ou ing 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 eft'ective corrosiu) inhibitors ard interact with
metals either by chemisorption or physisorption [21. The
adsorptive layer formed on the metal surface prctects the

metal liom acidic solution. thereby minimising corrosion.
Natural producrs, such as plant exl-racts, 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. liuits. and flowers. as etlicient and sustainable cor-
rosion inhibitors on mild steel sudaces in aggressive acidic
environments.
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Metals have played a fundamental role in technologi-
cal development and societal advancement from the very

begiuning ofhuman 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

allbrdable material with lo1r carbon content and minimal
alloying elements I I ]. Many industries, such as chemical

Department of Chemistry, Centrc tbr Research in Chemical
Sciences. St. Joseph's College (Autoflomous), l-rinjalakuda.
Afliliated ro Universiry ofCalicur, Thrissrr, Kerala 6lt0l21,
India

Amala lntegrated Medical Research Depannrent. Amah
hrstiftrc of Medical Scielce!,'lllrissur, Kerali! India

Depal tDretrl oI Chcmisty. Cenlrc lor Blcctrujhenical
Studies, St. Thonras Colle8p (Autonomous). Thrissur.
Allilialud l0 Univcr\ily o[C{licul, This\[r. Kcril. 6xll{,{ll,
tndia

)
Q sp.i"g".

It



116 Page2of 27 lournal of Bio' and Tribo-Corrosion (2025) I 1 :1 l6

Chzzal Sadat Sajadi and co-worliers have been analysed

the mild steel corosion control in acidic solution by Rarrrrrr

<'ulus arvensis and Gl_r'cine r?a,( extracts as green inhibi-
tors experimenully and theoretically in 2022 [31. Aoualife
Zaher et al. have tleen discoverei Amnti visnaga L. cxtract
as a Erreen corrosion inhihitor in I M HCI lor carhon steel

using combined computational & electrochemical studies

in 20?2 [4).In 2016. Anupanra et al. [5], used gravimetric
and elecrochemical methods to investigate the corrosion
behaviour of mqhanolic extracts of Rala grayeolcns (RCEI
leaves in I M HCI tbr mild steel. Acdording to EIS tests-

RGE demonsFated 9li% inhibitory emciency at 41 \'lv.ln
2020, Saxena et al. reported thal ethanol extracts of fruits
of Tinolipora corddolio showed lt7.llt% ellectiveness at an

inhibitor concenhation of 500 mg/L rlsing potentiodynamic
polarisation studies [6]. In 2019, Saxena et al., [7] used sur-

face morphological and electnrchemical analyses to investi-
gate the inhibitory power of ethanol extacts of Terminaliu
cieDula seeds. In 0.5 M H"SOr, it demonstrated 94.07%

inhibitory lotency tirr low-carbon steel at -5(n mg/L inhihi-
tor concentration according to potentiodynamic polarisation
experiments.

Recently, 'intelligence' approaches such as artificial
neural networks (ANNs) and response surface methodol-
ogy (RSM) are used Io model and optimise meta-l cormsion
inhihition performance. They are highly ell'ective in od

elling complex, nonlinear systems, making them ideal for
predicting corrosion inhihition efllciency hased on multiple
input parameten. In corrosion studies, ANNs are employed

to rnrrdel the corrosion inhihition efliciency of inhibitors as

a function of variables, such as concentration and tempera-

ture. Even with limited datasets, ANNs can provide reliable
predictions of inhibition efliciency. Furthermore, they serve

as eftective t(n)ls thr idendiying 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

appnrach that is useful tirr rlevekrping, improvin-e, and retin-
ing process factors. Ir proposes evaluating a combination of
many factors with few trials. Therefore, the optimisation of
the process is time- and cost-eftectiye. Many researchers

have used ANNs and RSM to investigate the impaet o[ vari-
ous parameters on the systenr's properties and optimise the
test parameters, reduce the corrosion rate, and elevate the
inhibition efficacy. For exzunple, Amodu et al. demonsuatetl
thitL Musd pqrqdisiaca peel extract acts as an eco-friendly
conosion inhibitor lbr mild steel in I N{ HCI using gasomel-
ric and thermometric methods [81. In their study. Response
Surlace Methodology (RSM) and Artilicial Neual Nerworlis
(ANNs) were employed as robust optimisation techniques.
O. Oyewole, T.A. Oshin, and B.O. Atoruoma investigared
the corrosion inhibition performance of Corchorus oliutrius
stems on mild steel in H)SOr, utilising both experimental

rnethods and theoretical approaches, including ANNs and
RSM [9]. Abdeslam Ansari and his team reported that Ocl'
mum basilicum essential oil exhibited excellent corrosion
nri(igation efllciency tor C3lt sttel in 0.5 M H2SO], employ-
ing a combination of physicochemical analysis, elcctrochem-

ical measurements, theoretical modelling, and optimization
techniques [01. ln 2024, Ahmed E.S. and Mohan Canesh

G. discovered rhat A ztdi,'uchta indicaleaves as eco-friendly
corrosion inhibitor on TMT steel in I M HCI and I M NaCl
nredia hy applying exferimcntal, slectnrscopic, and artificial
neural networks (ANN) [ I I ]. In 2025, K. K.rishnanjana and

Mohan Canesh C. applied Punico granarum peel powder as

an ellective green corrosion inhibitor on TMT steel i-o NaCl
nrediunr using electrochenrical, sfcctroscopic, and artiticiai
neural networks (ANN) [ 2].

This study presents the corrosion inhibition behavior
of a non-toxic and environmentally benign inhibitor, Gdr-
cinio cumbogia extract (GCE), for nrild steel in I M HCI
and 0.5 M H.SOr. The International Plant Names Index
(IPNI) entry for Garcinia cambogia Desr. is recorded under
the identifier LSID: urn:lsid:ipni.org:names:;127866- 1 . In
the Linoaean Herbarium, hosted by the Linnean Society
of London (herbarium code: LINN), the specimen sheet

LINN-HS857-2- I corresponds to Gan'inia cambogio in the
Linnaean collection. The investigation employed a com-
prehensive set of corrosion analysis techniques, including
physicochemical characterisalion. electrochemical measure-

ments. surlhce morphological studies. quantum mechanical
calculations, ANN modelling. and RSM-based optimisation.

Although the medicinal properties ol Garcinia cambogia
huve been exten:,i\ely studied. their corrosion resistance

properties have not yet been thoroughly explored. This
prompted the selection of Garcinia <:ambogia, a membet of
the Guttiferae family, as corrosion inhibitoni- Although therc

are nrany bioactive substances present in Garcinia camhogia

leafextract, the main groups of chemicals are hydroxycitr ic
acid (HCA) and hydroxycitric acid lactone (HCA lactone)

I I3]. The structures of HCA and HCA lactone are shown in
Fig. l. Acidic solutions are widely used in various indus-
trial processes maliing 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 Gmperaturc. Furthermore, employing rasponse surface

methodology (RSM) and artihcial neural netwod(s (ANN),
the impacrs of temperature, acid concentration. and GCE
concentration on inhibitory efficiency were modelled and

optimised.
Although several plaot extracts have been utilized tbr

their corrosion inhibition potential, Garcinia combogia
extract has not been explored ibr its inhibifion eUiciency on
mild steel in HCI and HrSOo 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 Nem'orks
(ANN) and Response Surface Methodology (RSM)-to
deyelop 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 cumbogia leaves were washed with clean water,

shade dried, and ground into a fine powder. Powdered sam-

ples (5 g) were refluxed in 100 mI of ethrutol for .1 h. The

extract was lilrered afld excess soh'ert was removed throuSh

rotary evaporalor [4]. The resulting extract was kept in an

attight container at 4'C for further tests U5, l6l. For the

experimental analysis, concenrations ranging from I 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 I cm: coupons.

which were then abraded sequentially using emery papers

with grit sizes of 100, 220, 440, 800, lUn, l5U), and 20(x).

After the abrasion, the samples were rinsed with distilled
water and acetone.

2.3 Preparation of Acidic Media

Merck-grade HCI and H,SO4 were used to prepue I M HCI
and 0.5 M H?SOa solutions, respectively. For the Weight
loss measurements, 50 mL of each acid solution was used.

The ellect of temperature on corrosion ittibition efficielcy
was evaluated at elevated temperatures of 3o3. 3l 3, 323,

and l3-l K.

2.4 FTIR Spedroscopy

FI-IR spectral analysis of the CCE was carried out using a

Shimadzu IR Afliairy- l Fourier translbrm infrzlrerl (FI-IR)
spectmphotomeEr.

2.5 Weight Loss Measurement

KW
D.Sr

(t)

where K= ti7.6(X), W is the weight loss of the metal coupon
(B), S is the total area of the coupon (cml), D is the density
of the metal (g cm-i), and t is the period of immersion (h).

Based {)n [he calculated c{)rrosi(,n Iates, the inhibition elTi-

ciency (17 ) of the GCE $ ar determined using Eq. (2) [ 181:

- t00(r,x - r,)

Do
(2)

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

The Arfienius Eq. (3) was used to compule the thermo-

dynamic parameters for corrosion, including the Arrhenius
parameter (A). activation energy for decay, enhopy of coIro-

sion (AS*), and enthalpy ot corrosion (AH*).

/-E \
K = Aexe ( RT/ (3)

where A is the Arrhenius parameter, a pre-exponential com-
ponent, Ea 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 AHt values, Eqs. (4) and (5) were

utilised I l9].
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Weighr loss measurements of mild steel coupons were con-
ducted in borh the presenL'e and absence of GCE at concentra-

tions ranging from I to 5 v/v% in two corrosive environments
over a 2.1-h immersion period at varying temperatures. Prior to
immersion, mild steel coupons were polished, measured. and

weighed. The p€pared sarnples were ften iltrmenied in I M
HCI and 0.5 M HISOr soluti()rN, inlo which diff-ereut curcen-
tadons (O 5 v/v%) ofGCE were added. The solution was then

lefi urdisturbed ltr 24 h. CCE was completely soluble in both
acidic media. After the immersion period, the metal coupons

were removed, clcaned. dried, and rc-weighed to determine
their weight loss. Equation ( I ) is used to calculate the corro-
siotr rare (D) of nild steel u 7l:
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I

(s)

where N denotes the Avagadro number, and h is Planck's
conslant.

2.6 Electrochemi(al Analysi5

An Ivium CompactStat electrochemical workstation
equipped with IviumSoft software and a three-electrode
electrochemical cell was employed for electrochemical
analyses such as electrochemical impedance spech'oscopy
(EIS), potentiodynamic polarisation studies, and electro-
chemical noise studies. In the EIS and potentiodynamic
polarisation studies, a raditional three-electrode setup was

used, comprising a calomel electmde as the reference elec-

trode, a platinum electrode as the counter electrode, and

a mild steel electrode with an exposed surface area of I

cm: as the working electrode. In the electrochemical noise
experiments, two mild steel electrodes, each with exposed

surface area of I cm:, acted as the working and counter
electrodes. All electrochemical analyses werc conducted
at room temperature with varying concentrations (l-5%
v/v) of GCE added to the corrosive media.

The electrochemical workstation functioned over a fre
quency range of I kHz to 100 mHz $ith a scan rate of
l0 nrv/sec in EIS. Randle's circuit (Fig. 2) was employed
as the equivalent circuit, corsists of solution resistance
(R.), double layer capacitance (Cdl) aod charge transfer
resistance (R",) or polarization resistance (Rp). In the
electrochemical cell, charge tmnsfer process places the
double layer capacitance parallel with the impedance. R.,
values extracted tiom the Nyquist plots were substituted to

determine the corrosion inhibition efficiency of the CCE,
calculated using Eq. (6) [201.

l(x)(R' - R..r
nElS X = ---+ (6)' Ri,

Here. R'ct and Rct refer to the charge-transfer resist-
ance of the working electrode with and without GCE,
respeclively.

The open-circuit potential (OCP) method was utilised
for potentiodynamic polarisation studies to examine the
relationship tetween lhe current and potential for mild
steel immersed in the test solution. The potential applied
to the working electrode (mild steel) ranged trom - 250 to
+250 mV, with a scan rate of I mv/s. The iDhibition elii-
aiency (rlp,l%) was determined using the corrosion current
density (i"o,.) values derived fiom the analysis of both alodic
and cathodic potarization curves, according ro Eq. (7) [5]:

4poltX =
l u)(,",,.. - r1.., )

('7 )

i.n, and i'.n.. denote lhe corrosion currenl densitiqs of the

working elecrrode in the absence and presence of the GCE,
respectively.

Alternaively, the corrosion inhitlition elliciency cirn be

determined from the polarisation resistance values using
Eq. (8).

I txr(n: - n,, )
(ti)4R!7, = -----Ti-

P

where R'o and Rp are th€ 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 coupors were
immersed in I M HCI and ().5 N{ H.SO., solutions in the
presence aud abseuce of GCE lbr 2-1 h. Following the
immersion period, the metal coupons were subjected to
surface characterisation.

2.8 Quantum Chemi(al Calculations

Quaotum chenrical investigatioBs ofHCA and HCA lactone,

the active components of GCE, have established irs anti-

corrosion behaviour. The mechanism of corrosion in}tibi-
tion is explained by the interaction between the HOMO of
the inhibitor (GCE) and LUMO of rnild steel (Fe). A lower

energy gap (AE =ELUro-EHlyye) indicates a higher ten-

dency of the inhibitor to adsorb rapidly onto the metal sur'
face [21]. The quantum chemical parameteni were calculated

using DFT with GAMESS software. The B3LYP function
was employed as the corelation merhod and STO 3G was

used s thc basis set.
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2.9 Artif(ial Neural Networks (ANN)

Inspired by the human brain, arlificial neural networks
(ANNs) are potent computational tools for solving complex
and challenging issues in machine leaming, data analysis,

and pattern recognition. An ANN consists ofinput. hiddea.
and output layers that in turn receive, process, and forecast

data [22]. The baclTropagation methtxl reduces the dilTer-
ence between the inirial output and the ANN output.

The fundamental mathemalical expressions for the neural

network are as follows.

Y. = Y,=r n,,,,,-\-,, + (., -r, is the input, *,,,,, is the weight
associated with the atlr node to the nrfi hidden layer. q,,, is

Start wrth
Experimental

Data

Train the data set
USI LMA

the hidden,nr& layer bias [2]1. The weights are modilied
during the training process.

Throughout the investigation, the Levenberg MarquarrJt
algorithm (LMA) was used for data validation, testing,
and training. LMA's improved robustness. convergence
rate, and speed of the LMA make il a good choice for
neural-network training. Figure 3 shows the llow chart oI
the basic ANN algorithm.

The study used samples from the experimental investi-
gation as inpul. variablcs to (rain lhc artilicial ncural nct-
work. Temperature, HCI concentration, and GCE concen-
tration were three distinct input nodes. The experimental
inhibirion elliciency samples were regarded as the output
laycrs. Figurc 4 shows the neural network model used to
tbrecast the inhibition elliciency.

2.10 Response Surface MethodoloSy (RSl,l)

The response surface methodology (RSM) has emerged
as a widely used optinlisation technique in recent years.

It is cmploycd to analysc thc inllucncc ol individual tcst
factors and their interactions on a response variable and

to develop an empirical model that predicts optimal pro-

cess conditions [24l.ln corrosion studies. RSM is used to
determine the optimum parameter conditions to achieve
marimum corrosion inhibition elliciency. In the prerent
study, the Minitab l9 programming tool was used ior
the experimenta[ design using the Box-Behnken design
(BBD), which comprised l5 experimental runs. Three

test factors were applied: Xr, temperature (K)l X:. GCE
concentration (vlv %)i and X], acid concentration, each

evaluated at three levels. as ouflined in Table l.

lncrease
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Fig.3 Flow chdt of ANN using LMA

Fig,4 ANN Architecture for the
prediction of lE
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Table I t evel of factors of
BBD with !'oded and uncqled
lbrm

Sl. no Factor Code Unit Level of lac't()rs

Low (- l ) Cemer (0) High ( l)

323

3

I

xl
x.
xr

I

2

3

Tempenrture

CCE croncenfation

Acid concentration

K

M

3l -l

I

0.5

5

1.5

1731

1031

2357
2243

1622

1$3

?317

2850

1m

9B

96

Table2 weighl ios\ measuremenl\ of mild steel with and without
OCH in I M HCI and l).5 l\l H:SOr at nxrm tcnrpcrarrrc lir 2.1 h

Conc. (v/v ti) Corrusion rate (mn/yr) lnhahi(r(n cllLicncy
lt'/ )

r M HCI 0.5 l,t H.sol L Nt Hcl 0.5 M H'so]

6'
.. gil
C,

.i 92

(,]
E90(,
F8a

86

u

Blanl 3.95

L'|7
t.44

1.20

l_08

0.32

35.57

1E.83

t6.92

I5,08

t3.22

8.?0

I

2

l
4

5

55.12

63.49

69.53

72.48

9t.73

47.1b

52.4t

57.59

62.82

4m0 3500 3m0 2500 2000 1500 r0@ 5@

Weight loss measurements were used to assess the stabil
ily of the adsorptioD layer on the metal sudace. Table 2

showed the corrosion rate (u) and inhibition elliciency
(rl7 ) iu both acid media. Metal coflosiul potency in I M
HCI antl 0.5 M H,SO4 solutions rose in synchrony with
CCE content.

In I M HCI at room temperature, GCE showed an

extreme I7 vatue of91.737 at the maximun colceDtrati(]n
(5 v/vz ) and a lower nZ value of 55. I 2% at the lowest con-

centration (l v/v%). GCE demonstrated marginally higher
netal corrosion inhibition eliciency in hydrochloric acid

nredium compared to sulphuric acid medium- At 5 vlvt/(,
the greatest rl% in 0.5 M H2SO4 was 75.53%. The corro-
sion inhibition elliciency depeDds ou surtace coyerage ol
inhibitor molecules. At higher CCE 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 elecron-dolating capabilities ofthe hydroxyl groups,

carbonyl groups, heteroatoms, and unsaturated compoutlds

that are present in CCE. Compared to the sulphate ions,
the chloride ions had less hydration. As a result, chloride
ions may adsurb dill'erently than sulphate iors [25]. Since

there are enouBh deposiled Cl- ions on the metal surface to
provide negative charges towards the acidic media, hydmxy-

citric acid (HCA) adsorbs its cationic fbnn
6

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 tiequencies tilr dillerent boods.
The O-H stretching vibration, a hydrogen bonding band,

is indicated by the hroad band at 3281 cm-r Atkyl C-H
stretching bonds are represented by two strong peaks at
2917 and 2850 cm-r, whereas > C=O slretching band was

seell al lTll cm-I. Carboxylic acids can be attributed to
this peak. Atiphatic and aromatic C=C stretching vibra-
ti ls are responsible tbr the peaks at 1622and 1463cm-r,
respectively. Weak bands of C-O stretching vibration were

visible at 1242 anrl l0Jl cm-r. In summary, heteroatonts.
aronratic rings, and unsaturated molecules are responsi-

ble for rhe disdnct peaks of GCE. The hydroxyl groups
present in the CCE molecules facilitate their adsorption
ortto the mild steel surtace, tbrminS a protective lilm. This
adsorbed layer acts as a barrier, blocking corrosive species

ilnd thereby reducing the rale of corrosion.
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3.2 Weight Loss Meaiulemehts

3.2.1 Effect of Concentration
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When compared with reported e^tracts, CCE dem-
onsrates outstanding inhibition efficiency. Vibha Joshi
et al., investigaled at.at Piper c,haDa extracr showed
ti6.53% anticorrosion perlbrmance at I g/L extract by
coating for mild steel i[ 2 M H2SO4 [26] Vishwajeet
Bachhar and co-workers reported that Calsputcurpus via-
/ir exlrafi showed 82.69% corrosion inhibition cfliciency
lbr mikl steel in 2 M HrSOo by weight loss nrethod [271.
Rajesh Hatdhar et al., lbund Quercus palustis leares
extract as a green corrosion inhibitor for low-carbon steel

having '91% corrosion inhibition efficiency in acidic
media at 1.00 g/L. CCE exhibited better IE (91.73%) in
I M HCI than all these rccertly cited works [28].

3.2.2 E fed ofTemperature

Weighr loss data at four distinct temperatures (303, 313,
323, and 333 K) were used to assess the impact of tem-
perature on metal corrosion process. Table 3 calculates

the fluctuatioDs in corosion rate and inhibitiou eflicicncy,
u,hich are displayed in Fig. 6. The data clearly shows a direct
relationship between temperature and corrosion rate. The
inhibitory potency for 5% CCE concenration in HCI solu-
tion significartly decreased tton] 91.73 to 72.0t1% wher the
remperalure was raised tn)m 303 to 333 K. Similarly, ar rhe

maximum concenration 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 oli the

metal surface at high rcmperatures, which disintegrates the

protective layer of metal J291.

Table 3 Conosion Ia(e (r) ard tuhibition eiicicncy (l9i ) of GCE ltl I M HCI rurd 0.5 M H,SOr al dill'erent tempcratures li)r 24 h

Medium Corc (v/v%) r (30-1 K) qfi {303 K) u (-ll3 K) {7 (.1i3 K) tj (3:l K) q9i (3:-1 K) r (.113 K) {9i (333 K)

I N,I HCI

0.5 M H,SOr ank

ankBI

I

2

3

4

5

BI

I

2

3

4

5

3.95

t.7't

r.44

1.20

I.08

o.32

35.57

t8.83

16.92

15.08

t3.22

8.70

l3.
6.23

5.'72

4. l5
3.79

2.26

58.21

32.$
28.58

25.36

72.98

t5.77

52.48

56.37

68.34

71.o9

82.'16

22.O5

t 0.94

t 0.09

8.13

8_05

5.01

a6.25

50.95
.15.58

.().95

36.23

30.14

50.4{)

54.25

63.1.1

63.50

17.28

3l .77

r6.78

15.56

13.69

t3.24

8.87

t06.2

64.1,1

59.9
54.9r

51.92

39.88

55. r2

63.,19

69.53

12.18

9t.73

.17.l8

5 t .02

56.91

58.20

72.08

4-l.X)

52.4t

57.59

62.82

75,53

43.89

50.95

56.4't

60.56

72.93

,10.92

,17.t5

52.52

57.99

65-05

39.63
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5t.t3
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Metal corrosion activation energy was determined using
Arrhenius equation (Eq. (3)). For mitd sleel in acidic envi-
ronments with and without CCE, plot of log K vs. l/T is

shown in Figs. 7a and 8a. From transition state theory,
variables like entropy oI activation (AS*) and enthalpy of
activation (AH*) were dedved. AH* iLnd AS* values are

represented by the slope and intercept of log K/T vs. l/T
ptots (Figs. 7b and 8b). Table 4 shows that all thermody
namic paramelers were computed, including pre-exponen-

tial factor (A) and activation energy (Eo). E" values from
Tahle 4 indicate that lhe melal corrosion aclivation energy

is higher for the solution without GCE compared to that
with CCE. Metal dissolution rate was found to decrease

with increasing GCE concentration, due to corresponding
increase in activation euergy (E") [30]. Positive enthalpy
of activation values demonstrated the endothermic nature

of metal corrosion [31], AH* ard AS* readiugs rose in
tandem with CCE cotlcentration.

3,3 Adsorption lsotherm

Surface coverage and temperature were tbund 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 temperalures have

the potendal to (l ) accelerate the kinetic oxidation reaction
and (2) accelerate the rate ofdesorption. At higher tempem-

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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Medium Conc (v/v % ) E,(kJ mol-r) A aH* (kJ mol-r) aS* (J mol-r K-1)
Table 4 Thermdyniunic
parameleni of mild steel

corR,sion with ,rrd without
(rcE ir I M HCI and 0.5 M
H:SOr

IM
HCI

0.5 \4
H,SOr

ank

anlBI

I

2

3

4

5

BI

I

2

3

4

5

5't.24

6t.70

65.0S

67.18

69.61

90..15

30.96

34.72

35.72

36.63

38.32

4-3.88

1.58 x t0ro 54.fi)
9.4o x t0r059.05

3.03 x torr 62.45

5..12 x 10rr64.54

l.ll x t0rr 67.01

1.79 x l0r5 8?.81

8. t6 x l0'', 28.30

1.92 x 107 32.08

2.54 x l0/ 3-3.08

3.22 x 10734.01

5.50 x 107 35.68

3.31 x I0x 4l.24

- 41.78

-16;16
-27 {n
-22.19

- t4.83

45.t7

- I t4.51

- 107.36

- 105.07

- 103.09

- 98.610

-83.710

more strongly than the metal surface and water molecules
do. Adsorprion model for metal-inhibitor interactions is typi-
cally determined using the Langmuir, Temkin, Freundlich,
El-Awady, Flory-Huggins and Frumkin, isotherms [321.
Frun iin isotherm, which plots log It/c(o/(t -t]))l vs. g fur
I M HCl, was determined to haye the best lit. On the other
hand, Freundlich isotherm obeyed in 0.5 M HrSO". Frumkin
and Freundlich isotherms appropriate for the adsorption of
GCE molecules on the metal surlace in I M HCI and 0.5 M
H.SOa are displayed in Fig.9a and b, respectively.

A noticeable departure of the slope liom unity iDdicated

that the isotherm could not be firmly applied, even though
rhe linearity of the isotherm demonstrated that the adsorp

tion of CCE obeyed the Freundlich isotherm in H,SOr. 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 CCE adsorption on the metal surface

can be inferred from the relationship between ACr]n"and

adsorption equilibrium constant K"d. [34], as illustrated in
Eq. (ql.

AGoo. = -nr6155.5 q.,.; (e)

The adsorptiou trehaviour ofCCE molecules on the mild
steel surface was both physisorption and chemisorption,
as demonstrated by AG:,k for CCE-mild steel adsorptions.
which were-26.9ti and-29.70 kl mot-lin I M HCI and

0.5 M H2SOa, respectively [3-5]. Ku4* values in 1 MHCI and

0.5 M H,SOr were deternrined to be 2572.1\16 and867.227,
respectively for GCE adsorption. GCE molecules prefer-

entially adsorb onto the metal surface in HCI medium as

opposed to H2SO. media" accordiog to higher values of K*,..
Figurc l0 shows the reliable surface interaction of

the GCE molecules on mild steel. The primary compo-
nents of CCE are mainly involved in corrosion inhibition,
despite the presence of a myriad of other cornpounds. The
strong adsorption ofHCA and HCA lactone onto the metal

2

i{

,1.b

1,1

rl 8

0.4

o.lJ
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0

0 0.2 0.4 0.6 0.8 1
r)2 ) 2 ,1 )

( on(. (1,\'o/;)it) e t),

1

fb.9 8 &uBti! adsorpriotr iiorh€rro of GCE on nild sEcl itr I M HCI ard b Frrutrdlich iiothsrm of GCE oo eild st€el itr 0.5 M l{rsor
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f ''" a,,

Fig,I0 Interd.lion diagraft ofCCE molocules wirh mild steel

surlhce occurred through electron donation from the oxy-
gen atoms found in their alcoholic, acidic, and lactone
f'unctional groups. This leads to the development ofa 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 rans
ferred to lhe r. orbitals of these molecules, Aparl from
these chemisorption interactions, physisorption of CCE
also occurs. Initially, chloride or sulfate ions present in
the acidic medium migrate towa.rd the surface of mild steel

and contribute to its cathodic activity. Subsequently, the
larger cationic molecules of CCE were adsorbed onto the

metal surface via a substitutional adsorption mechanism,

replacing the smaller acid ions. This process disrupts both
aoodic and cathodic reactions associated with corrosion,
ultimately reducing the rate of metal dissolution.

3.4 Electrochemical lmpedance Spectroscopy

Mild steel corrosiun impedance responses in l M HCI lr itb

and without GCE are shown in Fi8. I I and 0.5 M H.SO] in

Fig, 12, as Nyr,;uist and Bode graphs rcspectively. Nyquist
plot's depressed semicircular form indicates thal a charge-
transfer reaction occurs during the metal dissolving process

[361. An increase in the Nyquist plot's diameter with rela-
tion to concentralion was used to calculate the ability of
GCE molecules to slow down metal cofiosion. Bode ptots

show that, in comparison to the blank experiment, the phas€

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 sudy are shown in Tahle 5. Using Eq. (3), the
percertage inhibitior efliciercy was determined.

As shown in Table 5. R", values increased with ris-
ing CCE concentration, whereas Co, values exhibited an

opposite lrend. The addition of CCE leads to an increase
in Rlr values, indicating stronger inhibitior elliciency. The
decrease in Cu, values is atriburcd to the adsorption of GCE
molocules, which displace water molecules at metal-solution
interface. Mild steel surface develops an adsorption layer as

a result, which lowers the rarc of metal corrosion. Compared

to sulphuric acid, CCE showed noticeably superior metal
protection il} hydrochkrric acid. The maximum elliciency in
sulphuric acid was only 72.06V, , while tbe maximum efli-
ciency in HCI was 89.73%. This outcome corelates with
weight loss measurements.

3.5 Potentiodynami( Polarization Studies

Potentiody[amic 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
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tbr mild steel at diflerent GCE concentrations in I M HCI
and 0.5 M H:SO* are displayed in Figs. l3 and l-1. Linear
fragment of the anodic arld cathodic Tafel plots was extrapo

lated using E.n., values to yield i"... r'alues. CCE signiti-
cantly altered the slope of the curves at all coocentrations,
according to Tafel plots, suggesting that adding GCE to acid
solutions regulated oxidation-reduclion reactions.

This could Iinrit cathodic hydrogen evolution processes
and reduce mild steel's anodic dissolution J-181. Table 6
provides a summary of rhe porentiodynamic polarisation
paraneters obtained from Tafel and linear polarisation
plols as well as the associated computed inhibition elii-
ciencies. Table 6 shows lhat. when dipped in an acidic
environnent, the corrosion potential values shift from
negative to more positive, going flom uninhibited metal
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Table 5 tmpedance parumeteni

tbr Eild steel io I M HCI and
0.5 M HrSq with and withoul
GCE

Conc. (v/v %) I lt{ HCI 0 5 M H.SO,

\ (l)cmr) c,I (rFcm-:) {usz R., (ocnr) c,r (rFcm-l) rrrs?

lanlB

I

2

3

4

5

t5.1

32.r
,10.6

44.2

48.8

153

18.I
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-18.4
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64-8

4'?.4

48.0
.18.8

,15.4

,16.9
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15.9',1
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't2.o(,
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to inhibited metal. Nevertheless, there has not been any

specific analysis of this shitt. It is possible to relate this to
CCE's mixed manner of inhibition [391. This pauern dem-
onstates 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 ellicien-
cies of 92.517 in I M HCI and 7 4.93'y',. in 0.5 M H2SOa,

resulting in a signilicant decrease in curretrt densily.
Polarization data indicated that the enhanced resistance

of mild steel in acidic solutions containing GCE could
be aftributed to its strong corrosion inhibition properties.
Polarisarion resistance was 217.5 Q cm: in t M HCI and

167.i f,l cm2 in 0.5 M HTSOr at 5 vlv% cCE concentra-
tion. The increase in polarization resistance with higher
GCE concentration suggests that complex compounds in

-o.4

the extract may prevent further polarization of mild steel

at metal-acid interface [40].

It is simple to identify pitting corrosion on mild steel by

looking lbr changes in the electrode potential. Figure l-5 dis-
plays the current noise data tbr mild steel in I M HCI and

0.5 M HTSOi solutioDs wilh dillercnt GCE concentrations.

As the concentration of GCE increased, amplitude of cur-
rent noise dropped, suggesting that the corrosion process

was significantly sfopped. Figure l6 displays PSD gruphs

1br metal dipped ir I { HCI and 0.5 lt{ HrSOr with dif-
ferent GCE concenuations. This demonstrates that current
noise's magnitude reduces with increasing frequency. It
is clear trom l )king at the albrementioned figure that in

eotLon6tia t 1v1

b)

Table 6 Potentiodynamic
poliuization prcrmeters for mild
stc!'l flr I M HCI alld 0.5 M
H"SO! wirh and without CCE

Poladzation
dala

Medium Conc. (v/v 7) -E(d (mV) L,., (pe.rnr) \ (mv/tlet) -b. (mv/der) lE,rZ Ph ((!) qRpT

IM
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both acid solutions, current noise for uninhibited metal was

higher than that lor inhibited metal f4ll. Abitity of CCE
molecules to prevent metal cormsion in acidic environments

was examined.

It is also known as pitting resistance equivalent number
(PREN), or pitting index. It is a sign ofhow rcsistant a metal

is to corrosion [421. Pitting index curves are displayed in
Fig. l7 for mild steel exposed to acid solutions wilh and

without dill-erent concentrations of GCE.

It is evident from the figure that pitting index value
improved in parallet with CCE concentration. At the high-
est concentration under investigation, pitting index value was

higher in HCI media. while it was lower in H2SO4 mediunt.
It can be inferred from a comparison of the pitting index
values for inhibited and blanl metal that the metal with CCE
exhibits superior corrosion resistance in aggressive condi-

tions. Additionally, ir demonstrated that CCE had better
anti-conosion properties in I M HCI than in 0.5 M H,SOr.

3.7 Atomic Force Microscopy

0.otiffla (s10

Due to its ellectiveness as a tool fbr surlace morphological
research, AFM analysis supports the surface interaction of
GCE on mild steel. Figure l8a-e displays three-dimensional
inages of AFM analysis of metal over 24-h period of immer-
sio[. Table 7 lists the parameters for surface roughness. Sur-

face topography of smoothed metal surt'ace is depicted in
Fig, l8a, where its average roughness value (R") is 26. I 1 nm
hwer than that of the metal dipped in acid media. Figure I 8b

and d [epresents the corroded metal surtaces exposed to I M
HCI and 0.5 M H.,SO*, respectively. R, values for the blank

experiment were higher than rhose of the metal dipped in
acid solutions conlaining 5 vlv% CCE. Figure l8c and e

display the inhibited metal sMices in 1 M HCI and t].5 M
HrSO-r, respectively. Ro values of the inhibited metal fell
between those of the smoothened melal and the metal from
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protective adsorption coating of CCE molecules. preserving
smooth and fine metal surlaces [43]. Additionally, it was

noled thal the metal with CCE had lower roughness char-
acteristics in 1 MHCI than in 0.5 M H2SO.. This provides
more evidence that GCE has a stmnger inhibitory capability
in HCI than in HrSO..

3.8 Quantum Me(hani(al (al(ulations

A major factor in dercrmining ar inhibilor's capability is its
electronic and spatial molecular sructures. The optimised

Seometry, HOMO, and LUMO of two crucial GCE com-
poretrts, HCA, atrd HCA lactotre, are displayed in Fig. 19.

The following quantum mechanical parametem are calcu
laterl and provided in Table 8: HOMO (Es6y,;) and LLIMO
(ELUMo) energies, chemical potential (p), ionisatior energy
(I), electron aflinity (A), etectroregativity (X), hardress {rl),
and the number of elecuons ransl'efied (AN) of HCA and

HCA lactone.

Enhanced inhibitory potential was facilitated by lower
ionization energy values and reduced etrer8y gap (AE). As
shown in Table 8, HCA lactone primarily reduces the energy

gap (AE) and iDcreases the likelihood of elec[on donadol,
evidencerl by its krwer AE value compared k) HCA. Addi-
tionally, HCA contributes to (he imprcled i ribitofy elii-
ciency of CCE. The distribution of electrons in a molecule
is measured by electronic chemical potential (p). large val-
ues of g are generally thought to promote the adsorption of
an inhibitor, even though the electronic chemical potential
(F) cannot predict the direction ofcorrosion inhibition [44].
The increased p values for HCA and HCA lactone suggest

that these two inporlant components work well together to
provide irhibitory eflicacy of CCE. A higher AN value tudi-
cates that the inhibitor molecule donates a gteater number
of electrons to the vacant d orbitals of the metal surface.
resulting in stronger adsorption and enhanced corrosion
inhibitiou efliciency.

3.9 Artifi(ial Neural Networks (ANNs)

The total experimental samples ofthe ANN model were split
into three categodes: training data (70.77%), validation data
( I l. I I %). and testing data ( I l.l 1%) for the prediction of IE
in the H,SOr media. For the HCI media,6ll.8ti% of the data

were urilised 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 elficiency (lE). R
values were close to l, and the MSE values were com-
paratively lou 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 ntodel uti-
lized 4 neurons whereas HCI 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 2l and 22 show the comparison of training,

validation, and testing values for the prediction of IE in
acidic nredia. The R-values were closer to l. Thus, the
experinrental IE and ANN model values were strongly
correlated.

ANN training phase error histogram for IE prediction
rn the two distinct acidic media is displayed in Figs- 23
and 24. It is evident tiom 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 experirnental samples used for testing,
validation, and training were explained by the histogram-
Additionally, the statistics show that a low effor rate was
achieved throughout the training phase.

3.'10 Statisti(al Analysis

3.10.1 Optimization of Factors for lnhibition Effi(iency
(lEo.6)

Corrosirrn inhihit.ion porenrial was significandy impacted
by temperature, GCE concentration. and acid concenha-
tion, according to weiBht loss measurements. They were

chosen as independent faclors in this study as a result.
Tables lt and 12, respectively, display Box-Bahnken
design (BBD) struclure and three levels based on the
design of test variables (Xr, X,,, and X.) for HCI and

H.SOr. Fifteen experimenta[ runs were carried out. There
was a direct correlation tetween concentation ofGCE and

colrosiorl i[hibition etliciency. At 3 l3 K, this techdque
achieverl high inhibitory efliciency with 5 v/\'% GCE con-

\jentration in 0.5 NI HCI and H2SOr. Excellent efliciency
was obtained for appropriate cornbination of three com
ponents employed in the current investigation by using
RSM. Quadratic Eqs. (10) and ( l1) for HCI and H2SO1

respectively iodicate the regression model that was created

for the relationship between test components (X,, X., and

Xr) and irhibition efficiency.

IE = 670 - l..32Xr + 27.55x: - 99.7xi + 0.0o436xi + 0.01 3xi-
2.09X; - 0.0673Xrxr + 0.281-3XrX3 + 0.84lXrXi

( l0)

IE = 461 - 2.12X1 + 4.,l,lxr - 90.,1Xr +0.00255Xi + o..rrgxl+

.1.29X1 - 0.m28XrXr +0.2337XrXr +0.187X.Xr
(ll)

where IE represents the inhibition efliciency, Xr denotes

the temperature, X, denotes the GCE concentration, and Xl
denotes the acid concentration.
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e
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Fig.l8 Topography of mild steel surface a smu)thened, b in I M HCl, c in I N{ HCI with 5 v/vi C,CE, d in0.5 M H:SOa- and e in 0.5 M
H:SOr with 5 v/vq, CCE

Table 7 Surface roughness
p|r,rmeters of mild steel by
AFM an.rlysis

Sample Rrp (nm) Rq (nm) R" (nm)

Smq,thened mild steel

Mild stccl iI I M HCI

Mild steel in I M HCI dth 5 v/v? GCE

Mild sreel in 0.5 M HrSO{

Mild steel in 0.5 M HrSOl with 5 v/v% GCE

205.27

965.86

727.45

2176.62

r026, t8

32.92

79.50

58.?7

231.72

120.38

26.1 I

55.07

36.46

180.,18

86.{6

A regression model was used to create analysis of vari-
ance (ANOVA) [46]. Tables 13 and 14, respectively, show

ANOVA results 1br HCI and H2SO4 at 95% significance
level. The most imponant value in this table that establishes

if a tactor is signihcart is the P-value. 0.05 was chosen as

the degree ofessentialoess (o). A careful examiuation ofthe
table reveals that linear and square terms of CCE concen-
trarion had a P-value below 0.05, while linear and two-way
interaction terms in HCI had a P-value betow 0.05. This
clarifies rhy the mosl impo.rtaflt terms are temperatru€, acid
conceutration, afld GCE concentration. According to Pareto

charts (Fig. 25), the most notable influence on inhibition efli
ciency in both acidic media is the linear term CCE concen-

tration. R2 and R2(adj) values' proximity to unity indicates
a model that fits the experimental data better [47]. For HCl,
R2 and R2(adj) values were 0.9983 and 0.9954, while for
H.SOa, they were 0.9962 and 0.91t95. The predicted model's

best fit to the experimental data is eviden( liom these values.

As a result. this approach allows for rapid evaluation of the

outcomes.

RegressioD analysis was supported by the main eff-ect

charts. This demonslrates how the parameters under test
all'ected the respurse [48]. The maill ellect graphs tbr the

fi(ted means of inhibitoly eflicieocy itr HCI and H,SO{
media are fispla-ved ir Fig. 26. The highest inhibiklry efli-
ciency was obtained with 5 v/v% concentration ofCCE at

alr operating temperatue of J l3 K with 0.5 M concentra-
tiors of HCI and H,SO4, according to the analysis of the

precedillg ligure. Velocity of bombardment betweert the
molecules increases as the temperature rises because the

kiretic energy ol inhibitor molecules rises as well. This
inclination tendency may reduce inhibition elliciency by

hindering the inhibitors' ability to lbrm an adsorbed pro-

tective layer on the metal n concentration of
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Fig.19 a Optimized gEomelry,
b HOMO- and c LUMO of
HCA. d optimiz,ed geometry. e
HOMO. ard fLUMO of HCA
Iactone

t t
a

Table 8 Quantum mechanical
parameteni (ir eV) of HCA (l)
and HCA lactone (ll)

Molecule Erorao Eruuo AE I u x I IN

II
- 2.131

-2.1.t8

0.(rr)

0.066

l.ll
:. t-r

-0.09
- 0.06

- t.02

-t.(N
1.u
I, IO

2.692

1.69t

2.22

7.2t

1.02

l.(Il

Table 9 Dara disEiburion of the ANN Mulel for the prediction of tE

II,SO,I Samples MSF,

parallel tines. indicating some interactions. These tindings
were also added to an ANOVA analysis.

Figures 28 and 29 [49] present contour and 3D surface
plots that demonstrate the inrerrelationship among the
examined variables aliecring inhibition etiiciency (IE% ).
The irhibition efiiciency ilcreased significantly when the

CCE concentration was increased at a particular temper-
ature. In curtrasl, the inhihition eficiency decreased as

the temperature increased, which can be ascribed to the
physisorption of GCE molecules on metal surface. The
inverse relationship herween inhihition elliciency and acid
conceotration strongly supports the corrosion of mild steel

ar t.5 M HCyH.SOr.

3.1 0.2 Response Optimization

Maximrm IE was obtained using quailratic Eqs. (10) and
( I I ) by optimising three tested parameters (temperature,

CCE concentration. and acid concentration). This method is

called. the desirability function nrethod, The optimum con-
ditions showed lrom response (,plimisation plots (Fig. 30)
were ll-l K,5\'/vq concentration of GCE,and0.5 M HCI/
H"So., concentration and the resulting IE% were81.62t/, aIJ.d

6t1.69% in HCI antl H2SOj acids. resp€ctively.

(. oF i1

R

Training

Validation

Testing

HCI

Training

Validation

Testing

35

5

5

3l
7

7

0.9641I I

0. t 19651

0.475075

0.99-17

o.9996

0.9982

0.58895t

o.'t4t128

o.323147

0.9974

0.9991

0.9787

acid increased, a similar finding was made. At the same

time, adding I 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 efliciency enhanced
when the inhibitor was present.

Interaction plot for the two acids, which interprets any
faclor 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
Iines suggest that the components do not interact. The
interaction plot tbr inhibitory elliciency tilr 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
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Table 10 Experimenlal and
ANN outpul vxlues for lE in
HCI anrl H,SO., metlia

ccE
Corc
(vtvv.)

HtSOr
Conc
(M)

Temp (K) HrSOr lE(z) H,SOr ANN IE(7) HCITE(?) HCI ANN lE(%)

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0-5

0.5

0.5

0.5

1.5

1.5

1.5

1.5

l.s
t.5

1.5

t.5

t.5

t.5

1.5

1.5

t.5

1.5

t.5

311

313

313

3tl
313

327

323

323

323

323

333

333

313

I3
313

3t3
313

313

323

323

323

323

323

133

331

333

333

331

3r3

3r3

3r3
313

3r3

323

323

323

323

323

333

333

133

333

19.60

44.78

5 t..1I

56.29

62.23

16;7'l

43.76

17.32

s2.t2

ff).74

35.83

39.s7

45.25

50..17

58.23

,t3.90

50.95

56..+8

60.56

72.94

40.91

47.15

5?.52

57.99

65.06

39.64

43.8'7

48.32

5t.14

62.41

36.15

40.58

46.14

53.28

60.?8

13.45

3"1.13

45.90

50_ l3
58.73

3 t .70

35.37

42.66

4't.54

53.04

52.48

56.37

68.34

1t.{t9

82.76

50.4{)

54.25

63. t4

63.50
'17.21\

47.t8

51.02

56.91

58.20

72.08

56.'13

65.t6

14.27
'18.32

83.,18

5,r.79

62.91

68.38

70.64
-t9.43

50.80

57.t9

62.$j

67.70

75.13

,16.61

53.52

60.61

67.94

78.t I

4.22
50.1 I

58.54

62.70
't2.22

40.36

48.83

54.66

56.34

63.62

39.99E2

46.0342

50,0803

55.6120

61.5878

38.041 I

42.9958

47.30r9

52.7574

60.-i846

35.7349

39.9691

.16.0741

5 t.2619

58.3,126

44.t872

50.2230

55.5052

62.6561

7 t.3729

4r.4392

47.99t8

52.5792

58.M47

6s.2321

39.t662

43.66{n

48.M"t2

53.0440

fl).42{n
35.1734

4t.5982

46.144t

s2.17t9

6t.1368

33.r8

38.57s8

44.2455

49.82r r

57.4035

32.1695

35.6812

42.2863

47.3086

5.1.0091

5 t.1362

58.1753

68.8490

72.tn50

82.6564

48.7399

55.0508

63.28r9

64.597.1

77.218'7

,t6.7816

52.37 56

58_6596

57.$lX'
72.23 tO

56.35m

64.4058

74.2439

19.6230

811926

53.8873

60_ I4.lr
67.5865

73.2121

19.363't

51.5 105

56.4891

6l.8778

67.3058

75.1011

46. t l,{)
52.27 59

60.5091

68.(x80

77.36'tO

.t3.9097

50.2785

5'1.4205

4.1839
71.587.1

41.3712

47.6354

53.6418

57.(nt7

61.29tD
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Fig.20 a ANN architecturc
lbr tE in H1SO., medium. b
ANN architecture for lE in HCI
medium

tig.2l ANN and experimentitl
mulel on tE in H]SOI
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Fiq.22 ANN and experimental
m(xlel on lE in HCi

Training: R=0.99741 Validation: R=0.99919
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Table ll Experimentul and
predicled tEZ tiom wei!fit loss

measuremenB ilid BBD for HCI
mediunr

Run ordcr Actual level of factors

xr X

ft.';

xl Experinrcntd I'rctlicterl

Re\iduu1

I

2

-3

4

5

6

7

8

9

l0
ll
t2

l3

t4

l5

313

333

3i3

313

333

3t3

323

323

323

123

323

323

323

I

I

l

l

0.5

0.5

1.5

I.5

0.5

0.5

1.5

1.5

I

I

I

I

I

5

5

3

3

3

3

I

5

I

5

3

3

3

52.,r8

47.18

82.'t6

72.08
't4.2'l

62.(fr

60.61

54.66

54.79

19.11

11.22

72.22

63.14

63.14

63.14

53.m

47.30

82.4
71.56

73.59

62.37

m.90

55.35

5.1.96

80.23

41.12
't2.o5

63.14

63.14

63.14

2.3.+8

0.886

0.886

2.3,18

0.282

2.952

2.9s?

o.282

2.066

0.601

0.f{)3

2.Ut)
0.mt
0.mr
0.mr

Table 12 Experimentt and
predicted lE* fronr weight krss

meil\urements and BBD lbr
H,SOr medium

Run order Actuul level of facl()rs

xr

tE.t

Experirnental Predicted

Residurl

xr xr

I

I

5

5

3

3

3

3

I

5

I

5

3

3

3

I

3

4

5

6
't

8

9

l0

t3

3t3
331

313

313

333

3t3

323

323

323

323

323

323

123

39.60

35.82

62.23

s8.23

56.1'l

48.32

46.13

42.6s

10.92

65.05

33.,r5

58.12

47.32

41.32

39.53

34.80

63.26

58.29

55.'11

48.53

.15.92

4-1.41

4t;14

64.78

31.72

57.m

47.32.

47.32

47.32

0.ftt2

I.028

- t-028

- 0.062

0.7511

-0.20-l
0.207

-0.75li
-0.821

0.2$

-0.269
0.821

0

0

0

4 Conclusions

This study hightights the potential of Gar.i,ria carttbogia
extract (CCE) as a green, eco-friendly corrosion inhibitor
firr nrild steel in hoth I IU HCI and 0.5 M H,SOa environ-
ments. GCE demonstrated high inhibition elliciencies of
91.73 and 75.53'I io I M HCI and 0.5 M HrSO.r 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 CCE

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

Novelty lies in the use of r naturally occurling. sustain-

atrle and biodegradable extract that shows strong anti-cor-

rosion performance in both acidic rnedia, supported by a

combination of experinental and computational methods.

ilcluding RSM and ANN modellilg lor predicdve elliciency.
However. limitations include reduced corrosion inhibition

performance al elevated temperatures and the complex com
position of plant extracts, which may vary between sources

e oF tt,
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Table l3 Analysis ol viri nce

fo, tEt; in HCI medium
Soutu'e DL Adj ss Adj Ms F-Value P-Value

Mqlel
Linear

Temperdture

CCE Conc

Acid Conc

Square

TemFraturc*TempeEture

CCE Conc.*GCE Conc

Acid Conc.*Acid Conc

2-Way lnteraction

Temperature*CCE Conc'

Temperature*Acid Conc

GCE Conc.*Acid Conc

Emrr

l,ack-of-Fit

Pure Errur

Total

9

3

I

I

I

3

I

I

I

3

I

I

I

5

3

2

t4

1807.96

1788.01

140.67

r.1J2.89

194.46

1.86

0.70

0.0t

l.0l
r8.09

7.24

8.O2

2.83

2.9
2.E)

0.00

1810.96

200.88

596.m
t40.6'7

r452.8S

t94.46

0.62

0.70

0.01

t.0l
6.03

1.21

8.02

2.83

0.60

l.m
0.00

335.49

995.35

234.92

2426.77

324;16

l.(N
t.t7
0.02

1.68

t0.07

t2.$)

13.40

4.72

0.fin
0_0(n

0.m)
0.ffn
0.m0

0.,152

0.328

0_gft

0.251

0.015

0.0r 8

0.015

0.082

Table'14 An.dysis of variance

lbr lEti in l{,SOr mediun)

DF deSrees of freedom. Adj S.t adjusted sum of squares. Adj M.! adjusted mean of squu&s. F Fischer's
F-test value. P prob.rbility

Source DF Adj ss AdJ MS F-Vulue l)-Villue

M(xlel

Linear

Temperdture

CCE Conc

Acid Conc

Square

Temperature*Temp€raturc

CCE Conc.*GCE Conc

Acid Conc.*Acid Conc

2-Way lnteBction

Temperature*CCE Conc

Temperaturc*Acid Conc

CCE Conc.*Acid Conc

Em)r

Lac'k-of-Fit

Pure Emrr

Total

9

3

I

I

I

3

I

I

I

l
I

I

I

5

3

2

4

t281.93

1273.m

41.(k

I I14.86

I I t,08

9.13

0.24

1.m
2.49

5.80

0.0r

5.16

0.33

4.85

4.85

0.m
1292."18

t43.10

424.33

47.06

l I 14.86

I I I.08

3.Ol

0.24

7.20

2.49

r.93

0.01

5.46

0.33

0.97

1.62

0.00

r 47.4{)

437.08

18.47

l148.34

I14.42

3. t3
0.25
't.4t

2.57

1.99

0.01

5.63

0.34

0-(m
0.(m
0.mt
0.(m
0.ffx)

0. t25

0_610

0.042

0.170

o.234

0.913

0.0(i1

0.586

DF de8rees of fte€dom. Adi ss adjusted sum of vluares. A/i rt S adjusted meiin of sqoares. F Fischets

F-test value, P p.obabilily

solving both material and linancial losses. In this research

work, a green corrosion inhibitor- Garcinia cambogia

extract (GCEFis employed tbr mikl steel in I M HCI dnd

0.5 M HISO; nredia.

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 envircnmentally sustainable cormsion inhibitors lbr
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