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Corrosion mitigation of alloy 304L in HCI solution using an
environmentally compatible and sustainable extract

ABSTRACT

The corrosion inhibition performance of Stylosanthes gracilis (SG) leaf extract on Alloy 304L
stainless steel in 1.0 M HCI was investigated using gravimetric, electrochemical, GC-MS,
adsorption, and SEM/EDX analyses. Results showed that the extract effectively reduced corrosion
through the formation of a protective adsorbed film on the alloy surface. Corrosion rate and current
density decreased with increasing extract concentration, while inhibition efficiency and polarization
resistance increased significantly, reaching a maximum efficiency of about 94.6% at 1.2 g/L. The
corrosion potential shift of 0.069 V indicated mixed-type inhibition behaviour. Adsorption studies
revealed spontaneous adsorption following the Langmuir isotherm through combined
physisorption—chemisorption mechanisms. Kinetic and residual analyses showed that the second-
order model best described the inhibition process, suggesting cooperative adsorption interactions
among phytochemical constituents. GC-MS analysis identified oxygen-, sulfur-, nitrogen-, and
phosphorus-containing compounds responsible for adsorption and hydrophobic barrier formation.
SEM/EDX results confirmed substantial reduction in chloride-induced surface degradation. The
study demonstrates the long-term corrosion protection capability and industrial potential of SG
extract as a sustainable green inhibitor for stainless steel in acidic environments.

Keywords: Corrosion inhibition, electrochemical techniques, Alloy 304L, 1.0M HCI, Stylosanthes
gracilis extract

1. INTRODUCTION

Corrosion is an inevitable electrochemical
process through which metals and their alloys
interact with their surrounding environment, leading
them toward a more thermodynamically stable
state [1-4]. It has been experimentally proven and
established that Iron, carbon, and a few other
minuscule chemicals make up steel, and the
presence of chemically reactive iron leads to
corrosion [5]. The rusting process starts when
oxygen and water come into contact with
chemically reactive iron.
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Despite significant advances in materials
engineering, corrosion remains a major challenge
in critical industries such as chemical processing,
petrochemical operations, fertilizer production, and
metallurgy, resulting in substantial economic losses
worldwide [1-4].

Austenitic stainless steels are widely employed
due to their excellent corrosion resistance,
mechanical strength, ease of fabrication, aesthetic
appeal, and resistance to product contamination.

These attributes make them suitable for
applications  in  industrial  plants, marine
environments, and architectural  structures.

Additionally, austenitic stainless steels retain high
strength and toughness even at low temperatures.
However, while these steels perform well in
environments where anodic and cathodic reactions
are freely distributed across the surface, they are
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highly susceptible to corrosion in aggressive media
such as hydrochloric acid, where localized
electrochemical reactions dominate [1-2].

Hydrochloric acid and other mineral acids are
extensively used in industrial processes including
scale removal, rust cleaning, boiler and heat-
exchanger maintenance, and chemical or
electrochemical etching [6]. In the oil and gas
sector, hydrochloric acid and hydrogen sulfide are
commonly generated from the hydrolysis of calcium
and magnesium chlorides during crude oil
processing and steam stripping. These corrosive
species accumulate in the aqueous phase of
overhead condensers, where hydrochloric acid is
primarily  responsible for severe metallic
degradation [6-7].

The presence of chloride ions significantly
accelerates corrosion by destabilizing the
protective passive film on stainless steel surfaces.
Chloride ions penetrate and adsorb onto the oxide
layer, displacing passivating species and facilitating
the migration of ferrous ions from the metal
surface. This process ultimately results in film
breakdown, localized anodic site formation, and
rapid metal dissolution. The corrosion-accelerating
role of chloride ions involves multiple mechanisms,
including oxide film penetration, complex formation
with iron ions, and catalytic bridging effects [6-9].

To mitigate such degradation, corrosion
inhibitors are routinely added to aggressive
environments to reduce metal dissolution and
prolong service life [10]. Although many synthetic
and inorganic inhibitors are effective, their toxicity,
environmental persistence, and carcinogenic
nature have raised serious health and ecological
concerns. Consequently, there has been growing
interest in developing environmentally benign
alternatives [10-11].

Plant-based corrosion inhibitors have emerged
as promising green substitutes due to their
biodegradability, low toxicity, and rich
phytochemical composition. Extracts derived from
leaves, roots, seeds, and stems of various plants
have demonstrated effective corrosion inhibition in
acidic media. Several natural extracts—including
tobacco, black pepper, Nyctanthes arbor-tristis,
Silybum marianum, Imperata cylindrica, and
Newbouldia laevis—have been successfully
reported as corrosion inhibitors for steels and
alloys [12-25].

The effectiveness of a corrosion inhibitor
depends on factors such as availability, inhibition
efficiency, solubility, cost, environmental
compatibility and the employed extracting solvent.
Since corrosion inhibitors are environment
sensitive, it is essential to assess the
aforementioned plant extract’s inhibitory potential in

a variety of pernicious settings. Thus, building on
previous studies, the present work investigates the
corrosion inhibition performance of mixed alcoholic
extract of SG leaves as an environmentally
compatible and sustainable green inhibitor for alloy
304L stainless steel in 1.0 M HCI solution. Gravi-
metric analysis, electrochemical measurements,
and surface morphology characterization were
employed to evaluate inhibitor performance and
long-term stability.

2. MATERIALS AND METHODS

2.1. Alloy 304L Specimens and Materials
Preparations

Rectangular specimens of alloy 304L stainless
steel measuring 1 cm x 1 cm x 0.1 cm were
prepared by mechanical cutting. Surface
preparation was carried out by sequential grinding
using silicon carbide abrasive papers ranging from
220 to 1200 grit in order to obtain a uniform and
reproducible surface finish. The samples were
subsequently degreased in ethanol, rinsed with
acetone and bi-distilled water, and allowed to dry
naturally at room temperature. To avoid
atmospheric contamination prior to testing, all
prepared specimens were stored in desiccators.

The corrosive medium consisted of 1.0 M
hydrochloric acid prepared from analytical-grade
HCl using double-distilled water. The nominal
chemical composition of the alloy 304L stainless
steel (wt.%) was 18.37 Cr, 8.01 Ni, 1.00 Mn, 0.39
Si, 0.03 C, 0.003 S, 0.04 P, with iron constituting
the balance.

Fresh SG leaves were thoroughly washed and
air-dried under shade for seventeen days. The
dried leaves were pulverized and extracted in a
mixture of Dichloromethane and Methanol (1:1) for
72 hours using a mass-to-solvent ratio of 4 g to 20
cm3. After filtration, the solvent was removed by
evaporation, yielding the crude extract, which was
preserved at 273 K until use. Test solutions
containing inhibitor concentrations between 0.2 and
1.4 g/L were prepared by dissolving appropriate
quantities of the extract in the acidic medium. The
phytochemical constituents of the extract were
identified using GC-MS analysis. The outcome is
shown in Table 1. Fig. 1 displays a few of the found
phytochemical components in the SG extract

2.2. Measurement of Weight loss

Gravimetric measurements were performed by
immersing pre-weighed alloy 304| specimens in
100 mL of the test solutions for a total duration of
60 days, with mass loss measurements recorded at
ten-day intervals. After each exposure period,
samples were retrieved, cleaned, dried, and
reweighed. All tests were conducted in triplicate,
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and the observed standard deviations remained
below 5%, confirming acceptable reproducibility.

Egs.(1) and (2) were used to compute the

corrosion rate (C.R;), and inhibition -efficiency
(I.Ef) [26].
_ 876w!
C.R; = AT, 1)

Where W'stands for the weight loss in mg, D
stands for density of steel in g/lcm3, A (cm?)
denotes the area, and, T; (hr) is time of immersion.

(C.Rt)a—(C.Rt)p
(C.Rp)a

Where (C.Rt)a and (C.R)p stand for the
calculated corrosion rate (mm/y) in the absence
and presence of the SG extract respectively

LE = x 100 )

Correspondingly, the degree of surface
coverage, © was appraised using (Eq. 3)in
accordance with [27].

Wl

Where W, and W denote the respective weight

loss (mg) in the presence and absence of the
extract of SG.

It is of particular importance to note that the
extended immersion duration of 60 days was
intentionally selected to evaluate not only the short-
term inhibition efficiency of the Stylosanthes
gracilis (SG) extract but also its long-term stability
and persistence under aggressive acidic
conditions. While many corrosion studies involving
green inhibitors are conducted over relatively short
exposure periods ranging from a few hours to
several days, industrial systems such as acid
cleaning units, pickling baths, petrochemical
process equipment, storage vessels, and heat
exchangers may experience prolonged exposure to
acidic environments. Consequently, long-duration
gravimetric testing provides more realistic insight
into the sustained protective capability of the
inhibitor under service-like conditions.

2.2.1. Kinetic Evaluation

The mechanism and reaction pathways of the
reaction are clarified by the kinetic assessment of
corrosion inhibition. The corrosion process is
primarily a heterogeneous reaction made up of
anodic reactions that occur at the same or different
rates. Using both first-order Eq. (4) and second-
order kinetic models, the integral analysis method
was used to analyze the inhibitor's kinetics [28].

dCss
T ar

=K 1 Css (4)

The concentration of stainless steel is shown
here by Css. By mathematically manipulating and
integrating Eqg. (4) at the borders of (Css)o and

(Css), where time t = 0 and t, Eq. (5) was obtained.
Eqg. (6) was then developed.

— Log [(Css)0 — (Css)t] = 2’(3—;3 (5)
(6)

The weight loss is represented by the para-
meter Wss in grammes (g), the immersion duration
is represented by t in hours (h), and the constant
for the first-order rate is denoted by ki in h™'. The
concentrations of stainless steel in the first and last
stages using t = 0 and at a later time t are denoted
by (Css)o and (Css)t. Eq. (7) is used to ascertain, by
way of calculation, the half-life alloy 304L for first-
order kinetics.

Half - life expression,

_ 0.693
%= Tk,

Kyt
2.303

— Log (AWss) =

()

The following expression in Eq. (8) is the rate
equation for the second-order kinetics.

d[Css]t
dt

The second-order rate constant, expressed in
h-1, is represented by the symbol k2. The Eq. (8)
becomes the following expression in Eq. (9) by way
of transformation, when the integral version of Eq.
(8) is wused and boundary conditions are
established fromt=0tot =t and from (Css)t =0 to
(Css)t = (Cso)t

1 1
(Css)t - (Css)0 -

= K, (Css?) C)

Kt (9)

The integral rate law of the second-order

reaction is represented here, and its linear
representation, displayed in Eq. (10), can be
obtained by reformatting Eq. (9).

L K, ¢ (10)

AWss
The formula to calculate the half-life of a
reaction with second-order kinetics is given by Eq.
(11).
1

7 Tateso ()

2.3. Electrochemical Measurements

Electrochemical measurements were carried
out using a conventional three-electrode system
connected to an Autolab VersaSTAT 4 potentiostat.
Alloy 304L specimens embedded in epoxy resin
with a 1 cm? exposed surface served as the
working electrode, while platinum and Ag/AgCl
electrodes were used as counter and reference
electrodes, respectively. All experiments were
conducted at 30 °C under aerated and unstirred
conditions. Prior to polarization measurements, the
working electrode was allowed to stabilize at open
circuit potential for one hour. Potentiodynamic
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polarization scans were recorded at a sweep rate
of 1 mV/s within £250 mV relative to the corrosion
potential.

The corrosion potential (Ecorr) and corrosion
current density (jeorr) Were calculated using Tafel
plots of potential vs log I. According to [29], the
following formulas were used to calculate the

corrosion rate (C.Ry, the degree of surface
coverage (B), and the percentage inhibition
efficiency (percent IE):

C.Rt — 0.00327 X jcorrx €qu.wht (12)

Ds

Where C.R: stands for the corrosion rate (mm/yr),
jcor (UA/cmM?2) stands for corrosion current density,
Ds (g/cm®) denotes the density of steel, while,
eqv.wht (g) represent specimen’s equivalent
weight.

From the values of the corrosion current
density, the percentage inhibition efficiency (% IE)
was evaluated in line with Eq. (13)

100

LE=1— [’—” (13)

Jeorra
Where jeorrp and jeorrq (MA/cm?) are the

corrosion current density in presence and absence
of the SG extract.

Additionally, using the relationship in Egs. (14 —
15) as suggested by [29], the Polarization
Resistance (Rp) values were derived from the
measured /., values.

_ bc ba
" 2.303(bc+ba)

(14)

Where bc (mV) denote Tafel cathodic slope, ba
(mV) signify Tafel anodic slope
B
P jeorr (15)
Where B is a constant.
2.4. Samples Characterization

Surface morphology before and after corrosion
exposure was examined using a VEGA3 TESCAN
scanning electron microscope to assess surface
degradation and inhibitor film formation.

3. RESULTS AND DISCUSSION

3.1. GC-MS Analysis of Stylosanthes gracilis
Extract

The corrosion inhibition performance of
Stylosanthes gracilis (SG) extract can be directly
related to the molecular structures and functional
groups of the phytochemical constituents identified
by GC-MS analysis. The effectiveness of plant-
derived inhibitors is largely governed by the
presence of heteroatoms (O, N, S, P), m-electron
systems, aromatic or unsaturated bonds,
hydrophobic hydrocarbon chains, and polar
functional groups capable of adsorbing onto
metallic surfaces and forming protective films.

The GC-MS results reveal that the SG extract
contains several oxygen-, sulfur-, phosphorus-, and
nitrogen-containing organic compounds with strong
adsorption potential. These compounds collectively
contribute to the high inhibition efficiency observed
for Alloy 304L in 1.0 M HCI through synergistic
adsorption and barrier film formation mechanisms.

The dominant constituent, 11-(2-Cyclopenten-
1-yl) undecanoic acid (+)- (46.84%), appears to
play a particularly important role in corrosion
protection. This compound contains: a long
hydrophobic hydrocarbon chain, a cyclopentene
ring containing Tr-electrons, and a polar carboxylic
acid (-COOH) functional group.

The carboxyl group can adsorb onto the alloy
surface through donor—acceptor interactions
involving oxygen lone-pair electrons and vacant d-

orbitals of iron/chromium atoms, while the
unsaturated cyclopentene ring enhances
adsorption  through  T-electron interactions.

Simultaneously, the long nonpolar hydrocarbon
chain creates a hydrophobic barrier that restricts
penetration of aggressive H* and CI™ ions to the
metal surface. Such amphiphilic  behavior
significantly improves surface coverage and
inhibitor film compactness.

Similarly, Cyclopentaneundecanoic acid
(16.32%) contributes to inhibition through its long-
chain fatty acid structure. Fatty acid derivatives are
well known for their ability to form densely packed
adsorbed films on metallic surfaces due to strong
van der Waals interactions between hydrocarbon
tails. Although this compound lacks unsaturation
compared with the cyclopentenyl derivative, its
carboxyl functional group still provides strong
adsorption capability through oxygen-containing
active centers.

Sulfur-containing compounds identified in the
extract, including Mercaptamine and Thiirane, are
particularly  significant because sulfur atoms
possess high electron density and strong affinity for
transition  metals.  Sulfur-containing  organic
molecules are recognized as highly effective
corrosion inhibitors due to their ability to chemisorb
strongly onto steel surfaces. In the acidic
environment, sulfur atoms may coordinate directly
with Fe atoms, forming stable metal-sulfur bonds
that suppress anodic dissolution processes.
Mercaptamine additionally contains an amino (-
NH:z) group, introducing nitrogen lone-pair electrons
that further enhance adsorption strength through
synergistic N/S interactions.

The presence of oxygen-rich compounds such
as: Oxirane-2,2'-(1,4-butanediyl)bis, 1,2:4,5:9,10-
Triepoxydecane, and Methyl-4,6-ethylidene-a-D-
galactopyranoside also contributes substantially to
inhibition efficiency. Epoxide-containing
compounds possess strained oxirane rings that
exhibit high reactivity and strong adsorption
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tendencies. Their oxygen atoms can donate lone-
pair electrons to the vacant d-orbitals of surface
metal atoms, promoting chemisorption and
protective film formation. The galactopyranoside
derivative contains multiple hydroxyl (-OH) groups
that facilitate hydrogen bonding and electrostatic
interactions at the metal/electrolyte interface,
thereby improving adsorption stability.

Alcohol-containing compounds such as 3-
Octen-1-ol (Z2)- and 10-Undecyn-1-ol further enha-
nce corrosion protection through hydroxyl functio-
nal groups capable of surface adsorption. Additi-
onally, their unsaturated carbon bonds provide -
electron density that can interact with the metal
surface. These compounds likely contribute to
improved surface wettability and facilitate formation
of a more coherent adsorbed inhibitor layer.

The identified Arachidonic acid, TMS derivative
contains multiple unsaturated carbon bonds and
oxygen-containing groups. Polyunsaturated
compounds generally exhibit strong adsorption
tendencies because Ttr-electrons enhance donor—
acceptor interactions with metallic surfaces.
Moreover, the bulky hydrophobic structure may
improve barrier properties by increasing film
thickness and reducing diffusion of corrosive ions.

Compounds containing silicon functionalities,
such as Trimethylsilyl-di(trimethylsiloxy)-silane,
may additionally contribute to film stabilization.
Organosilicon compounds are known to improve
surface  hydrophobicity and may enhance
compactness of the adsorbed inhibitor layer
through siloxane network interactions.

Nitrogen- and phosphorus-containing species,
including 4-Nonene, 5-nitro- and Phosphonous
dibromide, cyclohexyl-, also likely contribute to
adsorption through lone-pair electron donation.
Phosphorus-containing compounds are especially
recognized for strong affinity toward metal surfaces
and their ability to form protective phosphate-like
interfacial complexes.

Overall, the corrosion inhibition performance of
SG extract can therefore be attributed to the
synergistic action of:

e Oxygen-containing compounds enabling donor—
acceptor adsorption,

e sulfur- and nitrogen-containing compounds
promoting strong chemisorption,

e unsaturated Tr-electron systems enhancing
surface interaction,

e hydrophobic long-chain fatty acids creating
diffusion barriers, and

¢ multifunctional  molecules
compactness and stability.

The coexistence of these phytochemical
constituents explains the strong mixed-type
inhibition behavior, high polarization resistance,
and substantial reduction in corrosion current
density observed experimentally. Rather than a
single active molecule being responsible for
inhibition, the protective performance of the SG
extract arises from cooperative interactions among
multiple  phytochemical species  adsorbing
simultaneously on the Alloy 304L surface.

improving ~ film

Table 1. Identified Phytochemical Ingredients in SG extract from GC/MS Characterization (Using a mixture

of Dichloromethane and Methanol as Solvent)

Name of Phytochemical Compound Area (%) I\golecular Molecular Weight
ormula (g/mol)
Octanoic acid, silver(1+) salt 6.50 CsH16AQO2 251.07
Mercaptamine 1.02 C2H7NS 77.15
Thiirane 0.56 C2HaS 60.12
11-(2-Cyclopenten-1-yl) undecanoic acid, (+)- 46.84 Ci16H2802 252.398
Oxirane-2,2'-(1,4-butanediyl)bis 3.33 CsH1402 142.195
Phosphonous dibromide, cyclohexyl- 0.72 CeH11Br2P 273.93
1,6-Heptadiene, 3-methyl- 0.65 CsHia 110.2
Chloroacetic acid, 6-chlorohexyl ester 7.16 CgH14Cl202 213.10
1,2:4,5:9,10-Triepoxydecane 1.06 C10H1603 184.235
Cyclopentaneundecanoic acid 16.32 C16H3002 254.41
3-Octen-1-ol, (2)- 1.12 CsH160 128.2120
10-Undecyn-1-ol 2.59 C11H200 168.28
Methyl-4,6-ethylidene-alpha.-d-galactopyranoside 4.23 CoH1606 220.221
Arachidonic acid, TMS derivative 1.93 C23H400:2Si 376.6480
Trimethylsilyl-di(trimethylsiloxy)-silane 4.07 CoH2702Si4 279.653
9-Decen-1-ol, pentafluoropropionat 0.49 Ci3H19FsO2 302.2808
Bicyclo[4.1.0]heptane,-3-cyclopropyl,-7-carbmethoxy, cis- 0.59 C12H1802 194.27
4-Nonene, 5-nitro- 0.80 CoH17NO2 171.2368
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The phytochemical compounds found in the SG
extract is detailed in Table 1,

3.2. Gravimetric Investigation

3.2.1. Effect of SG leaves Extract on Corrosion
Rate and Inhibition Efficiency

Table 2 lists the outcomes of exposing the alloy
304L to an aggressive 1.0 M HCI solution. Figs. (2
— 3) show, in relation to time, the corrosion
propagation in alloy 304L and bahaviour of the
extract of SG subjected to unfavourable 1.0 M HCI
solutions with and without SG extract, while Figs.
(3) and (4) show the behaviour of the extract
concentration in relation to its protection efficiency
and corrosion rate of the alloy 304L in the systems
in which the extract was injected.

HO Vi
Of.r
11-(2-Cyclopenten-1-yl) undecanoic acid, (+)-
(C16H2802)

#
LY

\_.---""\\
\\\ OH

g |

\\.________.\ . r{\
o \0

Cyclopentaneundecanoic acid (C1sH3002)

Figure 1. Chemical structure of a few chosen active
ingredients in SG leaf extract

An in-depth analysis of the result reveal that
exposure of alloy 304L steel to uninhibited 1.0 M
HCI resulted in pronounced mass loss and rapid
corrosion progression, confirming the aggressive
nature of the chloride environment. However, the
introduction of SG leaf extract led to a substantial
reduction in corrosion severity across all exposure
periods investigated.

The progressive reduction in corrosion rate with
increasing SG extract concentration demonstrates
the ability of the phytochemical constituents to
suppress both metal dissolution and chloride-
assisted passive film breakdown on Alloy 304L.
The maximum inhibition efficiency of approximately
89.47% at 1.2 g/L compares favorably with several
previously reported green inhibitors for stainless
steels in acidic media.

For example, Soltani et al. reported inhibition
efficiencies between 80-92% for Salvia officinalis
extract on 304 stainless steel in 1 M HCI, attributing
the protection to adsorption of oxygen-containing
phytochemicals and aromatic compounds [4].
Similarly, Silybum marianum extract achieved
inhibition efficiencies close to 90% for 304 stainless
steel in HCI solution through mixed adsorption
mechanisms involving flavonoids and phenolic
compounds [15]. The inhibition performance
obtained in the present work is therefore within the
upper range of efficiencies commonly reported for

plant-derived inhibitors acting on austenitic
stainless steels.
Compared with other bio-based inhibitors

previously investigated for 304L stainless steel,
such as Date Palm Waste extract [44] and
Centrosema pubescens extract [32], the SG extract
exhibited superior long-term stability over the 60-
day immersion period. This enhanced performance
may be associated with the presence of long-chain
fatty acid derivatives identified by GC-MS analysis,
including cyclopentane undecanoic acid
derivatives, which possess hydrophobic
hydrocarbon tails capable of improving barrier film
compactness and reducing electrolyte penetration.
The decline in inhibition efficiency beyond 1.2
g/L suggests that inhibitor performance is not solely
concentration-dependent but also governed by
adsorption equilibrium and intermolecular
interactions at the metal surface. Similar
deterioration at excessive inhibitor concentrations
has been reported by Umoren et al. [46] and Loto
et al. [41], where overcrowding of adsorbed
species produced unstable multilayer adsorption
and promoted partial desorption. This observation
indicates that the adsorbed inhibitor layer likely
transitoned from a compact monolayer
arrangement to a less ordered structure at higher
concentrations, thereby reducing film integrity.

Another important observation is the gradual
decrease in inhibition efficiency with increasing
immersion time. Although protection remained
substantial throughout exposure, the reduction
implies progressive weakening of the adsorbed film
due to continuous chloride attack, desorption of
weakly bound phytochemicals, and possible
dissolution of corrosion products. This behavior is
typical of predominantly physisorbed inhibitor
systems and agrees with findings reported for other
plant extracts in hydrochloric acid media [19,20]
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Table 2. Outcomes of exposing the alloy 304L to an aggressive 1.0 M HCI solution

Conc C.R 1.E © t%

TIME (/L) (mmiy) %) -Log W.L K1 (h) 1/WL K2
10 Blank 1.77 0 0 -1.58 0.364 1.91 0.026 0.0026
10 0.2 0.93 47.37 0.4737 -1.30 0.300 231 0.05 0.005
10 0.4 0.70 60.53 0.6053 -1.18 0.271 2.56 0.067 0.0067
10 0.6 0.46 73.68 0.7368 -1 0.230 3.01 0.1 0.01
10 0.8 0.42 76.32 0.7632 -0.95 0.220 3.15 0.111 0.0111
10 1 0.33 81.58 0.8158 -0.85 0.195 3.56 0.143 0.0143
10 1.2 0.19 89.47 0.8947 -0.60 0.139 5.00 0.25 0.025
10 1.4 1.16 34.21 0.3421 -1.40 0.322 2.15 0.04 0.004
20 Blank 1.23 0 0 -1.72 0.199 3.49 0.019 0.0009
20 0.2 0.77 37.74 0.3774 -1.52 0.175 3.96 0.030 0.0015
20 0.4 0.56 54.72 0.5472 -1.38 0.159 4.36 0.042 0.0021
20 0.6 0.40 67.93 0.6793 -1.23 0.142 4.89 0.059 0.0029
20 0.8 0.37 69.81 0.6981 -1.20 0.139 5.00 0.063 0.0031
20 1 0.30 75.47 0.7547 -1.11 0.128 5.40 0.077 0.0039
20 1.2 0.19 84.91 0.8491 -0.90 0.104 6.66 0.125 0.0063
20 1.4 0.93 24.53 0.2453 -1.60 0.185 3.76 0.025 0.0013
30 Blank 1.10 0 0 -1.85 0.142 4.88 0.014 0.0005
30 0.2 0.77 29.58 0.2958 -1.70 0.130 5.31 0.02 0.0007
30 0.4 0.59 46.48 0.4648 -1.58 0.121 5.71 0.026 0.0009
30 0.6 0.45 59.16 0.5916 -1.46 0.112 6.17 0.035 0.0012
30 0.8 0.36 67.61 0.6761 -1.36 0.105 6.63 0.044 0.0015
30 1 0.30 73.24 0.7324 -1.28 0.098 7.06 0.053 0.0016
30 1.2 0.20 81.69 0.8169 -1.11 0.086 8.10 0.077 0.0026
30 1.4 0.87 21.13 0.2113 -1.75 0.134 5.16 0.018 0.0006
40 Blank 1.09 0 0 -1.97 0.114 6.10 0.011 0.0003
40 0.2 0.84 23.40 0.2340 -1.86 0.107 6.48 0.014 0.0005
40 0.4 0.64 41.49 0.4149 -1.74 0.100 6.92 0.018 0.0005
40 0.6 0.50 54.26 0.5426 -1.63 0.094 7.37 0.023 0.0006
40 0.8 0.38 64.89 0.6489 -1.52 0.087 7.93 0.030 0.0008
40 1 0.30 72.34 0.7234 -1.42 0.082 8.51 0.039 0.0010
40 1.2 0.21 80.85 0.8085 -1.26 0.072 9.59 0.056 0.0014
40 1.4 0.87 20.21 0.2021 -1.88 0.108 6.42 0.013 0.0003
50 Blank 0.99 0 0 -2.03 0.094 7.41 0.009 0.0002
50 0.2 0.79 20.56 0.2056 -1.93 0.089 7.80 0.012 0.0002
50 0.4 0.62 37.38 0.3738 -1.83 0.084 8.24 0.015 0.0003
50 0.6 0.48 51.40 0.5140 -1.72 0.079 8.77 0.019 0.0004
50 0.8 0.38 61.68 0.6168 -1.61 0.074 9.33 0.024 0.0005
50 1 0.30 70.09 0.7009 -1.51 0.069 10.00 0.031 0.0006
50 1.2 0.21 78.51 0.7851 -1.36 0.063 11.04 0.044 0.0009
50 1.4 0.82 17.76 0.1776 -1.95 0.090 7.74 0.011 0.0002
60 Blank 0.93 0 0 -2.08 0.080 8.68 0.008 0.0001
60 0.2 0.78 15.83 0.1583 -2.00 0.077 9.01 0.010 0.0002
60 0.4 0.61 34.17 0.3417 -1.90 0.073 9.51 0.013 0.0002
60 0.6 0.50 46.67 0.4667 -1.81 0.069 10.00 0.016 0.0003
60 0.8 0.38 59.17 0.5917 -1.69 0.065 10.68 0.020 0.0003
60 1 0.29 68.33 0.6833 -1.58 0.061 11.43 0.026 0.0004
60 1.2 0.21 775 0.775 -1.43 0.055 12.61 0.037 0.0006
60 1.4 0.80 14.17 0.1417 -2.01 0.077 8.97 0.010 0.0002
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Corosion rate (mm/yr Vs Time (hr)
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Figures 2. Shows corrosion propagation rate in alloy 304L, in relation to time, subjected to unfavourable
1.0 M HCI solutions without and with SG extract

Extract Efficiency (%) Vs Time (hr)
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Figures 3. Shows inhibition efficiency of SG extract, in relation to time, during the corrosion of alloy 304L
subjected to unfavourable 1.0 M HCI solutions without and with SG extract

Corrosin rate (mm/yr) Vs Extract concentration (g/L)

1.6
11 _’ 1200 hr 0
0.6
'- 720 hr 0
0 02 04 06 08 1 12 14

H240hrO0 m480hr0 720hrO0 ®mW960hrO m1200hrO0O m1440hr0

Figure 4. Show the relationship between corrosion rate and protection efficiency of SG Extract during the
corrosion of alloy 30L in 1.0 M HCI solutions
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Extract Efficiency (%) Vs Extract Concentration (g/L)
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Figure 5. Show the dependency of inhibition efficiency on the concentration of the SG Extract during the
corrosion of alloy 304L in 1.0 M HCI solutions

3.2.2. Kinetic evaluation of the Corrosion Process

To evaluate the experimental data, both first-
order and second-order kinetic models were tested
and applied. The resulting R2 values are
summarized in Table 3, while the model fitting is
illustrated in Figures 6a and 6b. For the corrosion
of alloy 304L, tested both with and without varying
concentrations of SG leaf extract, Fig. (6a) depicts
the first-order plots of -Log (Aw) vs. time (hr), while
Fig. (6b) represents the second-order plots of ﬁ
plotted against time (hr)

The kinetic results provide important
mechanistic insight into the corrosion inhibition
process. The higher correlation coefficients
obtained for the first-order kinetic model indicate
that corrosion propagation was governed in part by
concentration-dependent surface reactions and not
only diffusion-controlled mechanisms. Similar first-
order corrosion kinetics have been reported for
plant-derived inhibitors in acidic environments
[28,30-34].

The reduction in rate constant and
simultaneous increase in half-life with increasing
SG concentration confirms that the extract
substantially delayed electrochemical dissolution of
Alloy 304L. Mechanistically, this implies that
adsorption of SG constituents reduced the number
of available active sites for charge transfer
reactions. The inhibitor therefore altered the
interfacial reaction pathway by increasing the
activation barrier for metal dissolution.

Compared with uninhibited samples, the
increase in half-life at optimum concentration
indicates improved surface persistence of the
passive/inhibitor hybrid film. This observation is
particularly significant for stainless steels because
corrosion in chloride media is often initiated
through localized passive film rupture. The SG
extract therefore appears not only to retard uniform
corrosion but also to stabilize the chromium-rich
passive layer against chloride-induced
depassivation.

Table 3. R? values of the First and Second Order Kinetic Models During corrosion control of Alloy 304L in
1.0M HCI holding various amounts of the SG leaf Extract.

Kinetic order | BLANK | 0.20 (g/L) | 0.40 (g/L) | 0.60 (g/L) | 0.80 (g/L) | 1.00 (g/L) | 1.20 (g/L) | 1.40 (g/L)
First Order | 0.9488 | 0.9554 0.9603 0.956 0.9597 0.9462 0.938 0.9557
Second Order | 0.8911 | 0.8386 0.8489 0.8258 0.8254 0.7999 0.772 0.8477

To further validate the kinetic interpretation of the corrosion inhibition process, the experimental
gravimetric data were also fitted to second-order and El-Awady pseudo-first-order adsorption models. The
goodness-of-fit of the various kinetic models was statistically evaluated using the Akaike Information
Criterion (AIC) and Bayesian Information Criterion (BIC), Figure 7, which provide more rigorous model-
selection criteria than correlation coefficients alone because they account for both fitting accuracy and

model complexity.
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Figure 6a. First-order plot of -Log (Aw) Vs. Time (hr)
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Figure 6b. Showing Second-order plot of ﬁ Vs. Time (hr)
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Figure 7. Showing AIC/BIC Comparison of Kinetic Models
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The results showed that although the
conventional first-order kinetic model produced
relatively high correlation coefficients, the second-
order model consistently yielded lower AIC and BIC
values across most inhibitor concentrations. This
indicates that the second-order model provided a
statistically superior description of the corrosion
process. The improved performance of the second-
order model suggests that the corrosion inhibition
mechanism may involve more complex surface
interactions than simple concentration-dependent
metal dissolution.

In corrosion systems involving plant-derived
inhibitors,  second-order  behavior is often
associated with adsorption-controlled processes
involving interactions between multiple adsorbed
species, surface rearrangement of inhibitor
molecules, or cooperative adsorption phenomena.
The phytochemical constituents present in the SG
extract contain several oxygen-, sulphur-, and
nitrogen-containing functional groups capable of
forming intermolecular interactions on the Alloy
304L surface. Consequently, the adsorption
process likely involved multilayer adsorption
tendencies, lateral interactions among adsorbed
species, and gradual restructuring of the protective
film during prolonged immersion.

The ElI-Awady pseudo-first-order adsorption
model also showed improved fitting performance
compared with the conventional first-order model,
indicating that adsorption equilibrium significantly
influenced the corrosion kinetics.The suitability of
this model therefore agrees with the slight
deviations observed from ideal Langmuir
adsorption behaviour and confirms that the
inhibition process was strongly governed by
adsorption—desorption dynamics at the
alloy/electrolyte interface.

Despite the statistical superiority of the second-
order model, the first-order kinetic approximation
still retains mechanistic significance because the
corrosion rate remained strongly dependent on the
concentration of active metallic sites available for
electrochemical attack. Therefore, the corrosion
inhibition process may be interpreted as a
predominantly adsorption-controlled electro-
chemical process exhibiting mixed kinetic
characteristics with contributions from both first-
order surface-reaction behavior and second-order
adsorption interactions.

The combined AIC/BIC analysis therefore
provides deeper insight into the physicochemical
complexity of the inhibition mechanism and
demonstrates that corrosion protection by SG
extract involves not only simple surface blocking
but also cooperative adsorption and progressive
stabilization of the inhibitor film over time.

3.2.2.1. Comparative Discussion of the Three
Residual Plots

Residual analysis provides a more rigorous
evaluation of kinetic model suitability because it
reveals whether the fitted model adequately
captures the underlying physicochemical behavior
of the corrosion process. In the present study,
residual plots were generated for the:

e conventional first-order kinetic model,
e second-order kinetic model, and
e El-Awady pseudo-first-order adsorption model.

A comparative assessment of the three
residual distributions provides important
mechanistic insight into the corrosion inhibition
behaviour of Alloy 304L in 1.0 M HCI containing SG
extract.

The residual plot for the conventional first-order
model (Figure 8a) exhibited relatively larger
residual magnitudes and mild systematic curvature,
particularly at intermediate immersion periods (30—
40 days). Although the residuals remained
generally centered around zero, noticeable
deviations from the baseline suggest that the first-
order model could not fully account for all
adsorption and interfacial processes occurring
during corrosion inhibition. The presence of curved
residual trends indicates that the corrosion process
was more complex than a simple concentration-
dependent surface dissolution mechanism. This
observation implies that additional physicochemical
interactions, such as adsorption heterogeneity and
intermolecular effects among inhibitor species,
contributed significantly to the inhibition process.

In contrast, the second-order residual plot
(Figure 8b) displayed the smallest residual
magnitudes and the most random distribution
around the zero baseline. Most residual values
remained within approximately £0.02, substantially
lower than those obtained from the first-order and
El-Awady models. Furthermore, the residuals
showed no pronounced systematic drift, clustering,
or oscillatory behavior throughout the immersion
period. Such random residual distribution strongly
indicates that the second-order model successfully
captured the dominant kinetics governing the
corrosion inhibition process.

The superior performance of the second-order
model suggests that corrosion inhibition by SG
extract involved cooperative adsorption interactions
among phytochemical molecules adsorbed on the
Alloy 304L surface. The extract contains multiple
active compounds possessing oxygen-, sulfur-,
nitrogen-, and Tr-electron-containing functional
groups capable of interacting simultaneously at the
metal/electrolyte interface. Consequently,

adsorption of one inhibitor molecule likely

ZASTITA MATERIJALA 67 (2026) broj 11



O. D. Ofuyekpone et al. Corrosion mitigation of alloy 304L in HCI solution using an ...

influenced  neighboring  adsorption  events, appears to best describe the dynamic adsorption—
producing intermolecular interactions and non-ideal  desorption equilibrium and progressive stabilization
adsorption behavior consistent with second-order of the protective inhibitor film.

kinetics. The second-order model therefore

Residual Plot for First-Order Kinetic Fits
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Figure 8a. Showing Residual Plots for First-order Kinetic Fits

Residual Plot for Second-Order Kinetic Fits
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Figure 8b. Showing Residual Plots for Second - Order Kinetic Fits
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The ElI-Awady pseudo-first-order adsorption
model (Figure 8c) produced intermediate residual
behavior between the first-order and second-order
models. Although the residuals were generally
moderate and remained close to the zero baseline,
noticeable oscillatory patterns were observed at
several immersion periods. Positive residual
clustering at intermediate times followed by

negative residuals at longer immersion durations
suggests slight systematic deviation from ideal
adsorption equilibrium. These deviations likely
arose from gradual restructuring of the adsorbed
inhibitor layer, heterogeneous occupation of active
sites, and competitive adsorption among
phytochemical constituents with different
adsorption energies.

Residual Plot for El-Awady Pseudo-First-Order Fits
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-9 10gL
1.2 g/lL

10 20 30
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Immersion Time (days)

Figure 8c. Showing Residual Plots for EI-Awady Pesudo-First Order Fits

Nevertheless, the relatively good performance
of the El-Awady model confirms that adsorption
equilibrium strongly influenced the corrosion
inhibition process. The El-Awady model is
particularly applicable to heterogeneous adsorption
systems and multilayer adsorption behavior, both
of which are expected in plant-derived inhibitor
systems containing complex mixtures  of

phytochemicals. The residual trends therefore
support the conclusion that the SG extract formed
a heterogeneous protective adsorption layer rather
than an ideal homogeneous monolayer.

When the three residual plots are considered
collectively, a clear hierarchy in model suitability
emerges:

Table 4. Comparative Discussion of the Three Residual Plots

Model H

Residual Characteristics

H Mechanistic Implication

First-order
curvature

Larger residual spread with mild

Simplified surface-reaction approximation

El-Awady pseudo-first-
order

Moderate oscillatory residuals

Adsorption-controlled heterogeneous surface
behavior

Second-order

Smallest and most random residuals

Cooperative adsorption and strongest predictive
capability

The combined residual analysis therefore
demonstrates that the corrosion inhibition process
cannot be fully explained by simple first-order metal

dissolution kinetics alone. Instead, the inhibition

mechanism involved:

e adsorption-controlled electrochemical
reactions,
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e cooperative interactions among adsorbed
phytochemicals,

¢ heterogeneous surface occupation,

¢ dynamic adsorption—desorption equilibria, and

e progressive stabilization of the protective
inhibitor film during prolonged immersion.
These findings are also fully consistent with:

e the Langmuir adsorption analysis,

¢ the high polarization resistance values,

e the mixed adsorption mechanism inferred from
AG°ads,

e the SEM evidence of protective film formation,
and

e the AIC/BIC statistical
results.

model comparison

0
-0.1
-0.2
-0.3

-0.4

E vs Ag/AgCl (V)

Overall, the residual analyses provide strong
statistical and mechanistic evidence that the
second-order kinetic model offers the most realistic
representation of the corrosion inhibition behavior
of SG extract on Alloy 304L in hydrochloric acid
medium.

3.3. Electrochemical Investigations

3.3.1. Open-circuit potential (OCP) Evaluation

To establish the open-circuit potential (OCP), a
reference electrode was placed within the
electrolyte in close proximity to the working metallic
surface. The data confirmed that the experimental
solutions achieved a steady state of equilibrium
before any polarization measurement was
conducted [58].

-0.5 mn
= a ———

-0.6

-0.7

0 100 200

300 400 500 600

Elasped Time (S)

— BLANK ——0.2g/L

0.8g/L 1.0g/L

0.4g/L —— 0.6g/L

1.2g/L 1.4g/L

Figure 9. OCP Vs Time recorded for alloy 304L electrode in 1M HCI solutions containing varied
concentration of SG extract at 30 °C.

As Iillustrated in Figure 9, the OCP readings
exhibited initial fluctuations across all SG dosages
but eventually reached a plateau. Notably,
increasing the concentration of the extract caused
the OCP to shift toward more noble (positive)
potentials. This shift suggests that the SG extract
acts as a mixed-type inhibitor, influencing both
anodic and cathodic reactions [59,60]. This shift in
electrochemical behaviour is likely attributed to the
robust adsorption of the extract's bioactive
molecules onto the metal surface.

The implication from the insightful survey of the
results obtained show that the electrochemical
investigations supported the gravimetric findings;
showing that the conducted OCP measurements
shifted toward more noble values upon SG extract
addition, reflecting improved corrosion resistance.

14

3.3.2. Potentiodynamic polarization investigation

The potentiodynamic polarization curves for
alloy 304L in 1.0 M HCI containing varying
concentrations of SG leaf extract (Fig.10) reveal
significant changes in both anodic and cathodic
behaviour.The electrochemical parameters
obtained from these measurements (Table 5) show
a pronounced reduction in corrosion current density
with increasing inhibitor concentration, indicating
effective corrosion inhibition.

The polarization results strongly support the
gravimetric observations and provide deeper
insight into the electrochemical inhibition
mechanism. The marked reduction in corrosion
current density from 0.04048 to 0.00218 mA cm™2
demonstrates that the SG extract substantially
suppressed the electrochemical kinetics of both
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anodic metal dissolution and cathodic hydrogen
evolution reactions [38 — 40].

The corrosion potential displacement of only 69
mV confirms that the extract behaved as a mixed-
type inhibitor. According to electrochemical
classification criteria, inhibitors producing Ecorr
shifts below +85 mV are generally categorized as
mixed inhibitors because they influence both
anodic and cathodic processes simultaneously
rather than selectively blocking one half-reaction
[29,41]. Similar mixed-mode behavior has been
reported for Silybum marianum [15], Date Palm
Waste extract [44], and Gongronema latifollium
extract [58].

A particularly important finding is the dramatic
increase in polarization resistance (Rp) from 296 to
6121 Q-cm?. Such a large increase indicates
substantial obstruction of interfacial charge transfer
processes and confirms formation of a compact
adsorbed protective layer. Mechanistically, the
increase in Rp suggests that the adsorbed
phytochemical constituents created a barrier layer
that:

e restricted electron transfer,

e reduced ionic mobility,

e displaced aggressive chloride ions from the
alloy surface, and

e stabilized the passive chromium oxide film
characteristic of Alloy 304L.

Table 5. Parameters of Potentiodynamic Polarization obtained during corrosion alloy 304L in 1.0M HCI

with SG leaf extract in various concentrations

SG Concentration Ecorr bc ba jeorr Rp CR IE o
(g/L) (mV) | (mVdec?t) | (mvdec?) | (mAcm?) | (Qcm?) | (mmlyr) (%)

0 -588 49 63 0.0405 296 0.4699 0 0
0.2 -539 45 53 0.0106 997 0.1230 73.81 0.7381
0.4 -530 50 50 0.0084 1286 0.0980 79.15 | 0.7915
0.6 -524 45 48 0.0074 1370 0.0854 81.82 0.8182
0.8 -533 68 66 0.0058 2516 0.0671 85.72 0.8572

1 -526 98 87 0.0038 5211 0.0446 90.51 0.9051
1.2 -519 63 60 0.0023 6121 0.0253 94.62 0.9462
1.4 -529 115 87 0.0177 1212 0.2059 56.18 0.5618
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Figure 10. Polarization plot for alloy 304L corrosion in 1.0M HCI solution without and with SG leaf extract
at 30°C

The decrease in both anodic and cathodic Tafel
slopes also implies modification of the reaction
pathways occurring at the alloy surface. This
suggests that SG phytochemicals did not merely
physically cover the surface but actively altered the

ZASTITA MATERIJALA 67 (2026) broj

activation energies associated with electrochemical
reactions. Similar behavior has been linked to
adsorption of heteroatom-containing organic
compounds possessing T-electrons and lone-pair
electrons capable of interacting with vacant d-
orbitals of iron and chromium atoms [36,37].
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The anodic Tafel slope (ba) and cathodic Tafel
slope (bc) provide additional mechanistic insight
into how the inhibitor modifies the electrochemical
reactions occurring at the alloy surface. Variations
in ba values suggest that adsorption of SG
phytochemicals altered the anodic metal
dissolution mechanism by blocking active anodic
sites and increasing the activation energy required
for oxidation reactions. Similarly, changes in bc
indicate suppression of hydrogen evolution kinetics
through adsorption of inhibitor molecules onto
cathodic regions of the surface.

3.4. Investigation into Adsorption isotherm

By using certain adsorption isotherms, the
corrosion inhibition mechanisms can be better
understood. After fitting values into multiple
isotherms in HCI solution, the Langmuir Isotherm
best established the corrosion inhibition adsorption
processes of the leaves extract SG on alloy 304L
surface. A fit to the Langmuir isotherm was
obtained by plotting a graph of C/© against C in
accordance with Eqg. (16).

c 1
o= Fume +C (16)
Here Kags (L/g) is known as equilibrium

constant of adsorption, O is the extent of surface
coverage, and C (g/L) denote the extracts
concentration.

Table 6 shows the adsorption thermodynamic
parameters, while Fig.(9)show the Langmuir plot.

Table 6. Langmuir adsorption and Thermodynamic
parameters for the adsorption of the SG
extracton the surface of alloy 304L in 1M
HCl at 30 °C

14
1.2
1

0.8

c/o

0.6

0.4

0.2

. Intercept | Kads 2 NGy
Extract | Gradient ) (Lg?) R (kJmolY)
SG 0.9979 0.1042 9.60 | 0.99 | -23.10

The following are the theories that underpin the
Langmuir adsorption isotherm:

e The metal's surface has a consistent
appearance.

e The adsorbate is adsorbed in a particular
manner, with each adsorbed species

occupying just one location on the surface.

e The adsorbed compounds do not disperse on
the surface.

e The basic adsorption free energy is unaffected
by the degree of coverage.

Straight line diagrams were collected as plots
in all the cases with coefficient of determination, R?
approximately unity. The strong conformity with the
Langmuir adsorption isotherm suggests that
adsorption  occurred predominantly  through
formation of a relatively uniform adsorbed layer.
However, the slight deviation of slope values from
unity indicates that ideal monolayer assumptions
were not fully satisfied. This discrepancy may be
due to the inherent limitations of using the
Langmuir adsorption isotherm to match data of
traditional metal inhibition phenomena; for
example, monolayer inhibitor adsorption is only
possible on homogeneous metal surfaces with no
adsorbed molecule diffusion at any
temperature.That is, this deviation is common in
corrosion systems involving complex plant extracts
because multiple phytochemical species compete
for adsorption sites while also interacting laterally
with one another on the metal surface.

y =0.9979x + 0.1042
R?=0.9942

0.6 0.8 1 1.2

Figure 11. Langmuir adsorption isotherm for the extract of SG (0.2g/L — 1.2g/L) on alloy 304L surface in
1.0 M HCI solution
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These assumptions, however, cannot be
agreed for a conventional acid inhibition scheme,
such as the one under consideration, since foreign
ions and interactions may occur in the same
solution; certain adsorption processes may also be
potential dependent and selective in terms of the
types of charges on the metal surface. In line with
the assertion of [45-47], to understand these
discrepancies in adsorption phenomena, another
physical aspect of the adsorption isotherm must be
considered. As a consequence, the Langmuir
adsorption isotherm can be mathematically
modified to account for the dimensionless
separation constant, K., as defined in Eq. (17),

1
1+ Kgas C

KL=

(17)

where K. denote the dimensionless extract
adsorption separation factor, Kass is the
adsorptive/desorptive equilibrium constant and, C
is SG extract’'s concentration. Table 6 show the
measured K¢ values for the extract of SG at 30 °C

for alloy 304L in 1.0 M HCI. Values of K. greater
than 1 implies unfavourable conditions and are not
compatible with the adsorption isotherm of
Langmuir, while values of K. less than 1, that is, O
< Kv < 1, indicate favourable conditions and are
consistent with the adsorption isotherm of
Langmuir, whereas, K. values of 1 indicate an
irreversible condition. Table 5 indicates that for all
concentrations, all K. values are less than one,
meaning that the adsorption mechanism follows the
adsorption isotherm of Langmuir.

The adsorption free energy, AGOugs, is
proportional to the adsorptive/desorptive
equilibrium constant (Kags) [4] as follows:

— 1 _Angs
Kads - ( ) exp(
Csolvent RT

Where R (Jmolt) = molar gas constant, T (K) =
temperature, Csowvent (gL™1) = water concentration in
solution, and Kads (Lg?) = adsorptive/desorptive
equilibrium constant found from the respective
intercepts of Figure 9.

(18)

Table 7. Dimensionless separation constant, K., at the various concentrations of SG extract at 30 °C for

alloy 304L in 1 M HCI

System (gL™?) 0.2 0.4 0.6

0.8 1.0 1.2 1.4 Mean

KL 0.342 0.207 0.148

0.115 0.094 0.080 0.069 0.151

It's worth noting that Csolvents unit is determined
by Kags. As shown in Tables 4, L g-1 is the unit of
Kads, implying that g/L is the unit of Csolvent, with an
approximated value of 1.0 x 103 [48].

Tables 4 show that the calculated value of
AGPq4s is negative, connoting that the active
molecules in the extract are adsorbing
spontaneously.

Typically, AGP%%gs values in the range of -20 kJ
mol or lower are categorized as physisorption and
those around -40 kJ mol! or higher are called
chemisorption.

The calculated AG°ads value of —23.10 kJ mol™
provides important mechanistic information. This
value lies within the transition region between
physisorption and chemisorption, indicating that the
adsorption process involved mixed adsorption
behavior. Similar intermediate AG°ads values have
been reported for many effective green inhibitors
where electrostatic interactions coexist with donor—
acceptor bonding [4,15,46].

The physisorption component likely arose from
electrostatic  attraction  between  protonated
phytochemical species and the negatively charged

metal surface, especially in the presence of
adsorbed chloride ions. Simultaneously,
chemisorption may have occurred through

coordination between lone-pair electrons on
oxygen-containing functional groups and vacant d-
orbitals of surface iron/chromium atoms [29].

Thus, the presence of several active
components in the extracts, some of which are
adsorbed physically while others are adsorbed
chemically, can further explain the complex mode
of adsorption that combines both physisorption and
chemisorption [49].

This dual adsorption mechanism is
advantageous because physical adsorption
facilitates rapid surface coverage while chemical
adsorption enhances film stability and persistence.
Such synergistic adsorption behavior may explain
the relatively high inhibition efficiencies achieved
by the SG extract.

3.5. Analysis of Surface Morphology and Elemental

Composition

The Scanning Electron Microscopy (SEM)
images in Fig. (12) illustrate the structural changes
of the 304L alloy under different conditions: image
(a) displays the metal after exposure to a 1 M HCI
solution without protection, while image (b) shows
the metal treated with 1.2 g/L of SG extract.
Similarly, Figs. (13a and 13b) provide the Energy
Dispersive X-ray (EDX) spectra for the untreated
and treated samples, respectively.
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SEM MAG: 1.00 kx Det: SE
WD: 12.85 mm VEGAS3 XMU
View field: 191 ym  Date(m/dly): 08/07/19

SEM MAG: 1.00 kx Dot: SE

WD: 15.36 mm VEGA3 XMU

View field: 191 ym  Date(m/dly): 08/07/19

Figure 12. SEM micrographs on the surface of alloy 304L: (a) Untreated alloy 304L in 1 M HCI, (b) Treated

alloy 304L in the presence of 1.2 g/L of SG extract

3.5.1. Surface Morphology Observations

The SEM and EDX analyses provide direct
physical evidence supporting the electrochemical
and gravimetric findings. The severe pits and
cracks observed on the uninhibited specimen are
characteristic  of  chloride-induced localized
corrosion resulting from passive film rupture and
autocatalytic pit propagation.

In contrast, the inhibited specimen displayed a
smoother and more homogeneous morphology,

indicating that the SG extract effectively minimized
surface degradation. Similar surface recovery
effects have been reported for Jasminum
nudiflorum extract [50], Dendrocalamus brandisii
extract [51], and Salvia officinalis extract [4].

3.5.2. EDX and Elemental Analysis

The data in Table 8 and the spectra in Fig. 13
guantify the protective nature of the SG extract.

Table 8. Showing selected Elements of interest of EDS Analysis Result of alloy 304L in the absence and
at optimum concentration of SG extract in 1 M HCI

Elements (wt. %) C (0] Cl Fe Cr Ni
Blank sample 11.99 46.80 1.35 7.34 1.93 1.98
Sample treated with SG 17.40 5.90 0.36 54.13 14.89 6.09

Since the extract is primarily composed of
carbon (C) and oxygen (O), the shift in the weight
percentages (wt. %) of C, O, and chlorine (CI)
serves as evidence for the inhibitor's adsorption
onto the metal surface. Key findings include:

e Carbon and Chlorine Levels: Upon adding the
extract, the carbon peak intensity increased
while the chlorine peak diminished. This
suggests that the inhibitor molecules are
successfully displacing chloride ions [50].

¢ Oxygen Content: Oxygen levels were notably
higher in the uninhibited acidic environment
compared to the treated or polished samples,
pointing to the formation of corrosion products
in the absence of the extract [50].

e Iron, Chromium and Nickel Preservation: The
EDX results show a dramatic difference in iron
(Fe) content; the inhibited sample retained an
Fe weight percentage of 54.13%, whereas the
untreated sample plummeted to 7.34%[51]. In
addition, the significantly higher retained Cr
and Ni contents in the inhibited sample further

demonstrate preservation of the alloy matrix
and suppression of acid-induced dissolution.

These findings suggest that the SG extract
formed a compact organic-inorganic hybrid film
capable of reinforcing the native passive layer on
Alloy 304L.

3.6.0. Mechanisms of Corrosion Inhibition

Organic inhibitors typically function by
adsorbing onto a metal's surface, thereby
modulating corrosion rates by suppressing anodic,
cathodic, or mixed electrochemical reactions. The
effectiveness and specific mechanism of this
adsorption are influenced by several variables: the
inhibitor's molecular architecture, the nature of the
metal substrate, the specific interactions at the
interface, and the composition of the corrosive
medium [52].

The inhibition mechanism of SG extract can be

explained through synergistic physicochemical
interactions occurring at the alloy/electrolyte
interface.
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Figure 13. EDX Result on the surface of alloy 304L: (a) Untreated alloy 304L in 1 M HCI, (b) Treated alloy
304L in the presence of 1.2 g/L of SG extract

In acidic HCI solution, the phytochemical
constituents become protonated and migrate
toward the negatively charged metal surface
already enriched with adsorbed chloride ions. Initial
adsorption likely occurs through electrostatic
attraction (physisorption). Subsequently, electron-
rich functional groups such as hydroxyl, carbonyl,
and carboxyl groups coordinate with vacant d-
orbitals of Fe and Cr atoms, producing stronger
chemisorptive interactions.

The identified fatty acid derivatives may
additionally contribute hydrophobic hydrocarbon
chains that orient outward from the surface,
thereby creating a water-repellent barrier layer that
restricts diffusion of H* and CI~ ions toward the
metal surface.

Beyond simple surface blocking, the inhibitor
likely stabilizes the chromium oxide passive film
characteristic of 304L stainless steel. Chloride ions
typically penetrate defects in the passive film and
initiate localized dissolution. Adsorption of SG
molecules may reduce chloride adsorption, limit
passive film rupture, and suppress pit nucleation.

Therefore, the corrosion inhibition process
appears to involve multiple simultaneous
mechanisms:

e electrostatic adsorption,

e donor—acceptor interactions,

e passive film stabilization,

e chloride displacement,

e hydrophobic barrier formation, and

e suppression of charge transfer kinetics.

This multi-mechanistic behavior explains the
high inhibition efficiency and long-term protective
performance observed for the SG extract system.

4. CONCLUSIONS

This study demonstrates that Stylosanthes
gracilis (SG) leaf extract is an effective,
environmentally friendly, and low-toxicity corrosion
inhibitor for Alloy 304L stainless steel in 1.0 M HCI
solution. The extract achieved a maximum
inhibition efficiency of 94.6% at 1.2 g/L, forming a
stable protective film that significantly reduced
chloride-induced corrosion. Electrochemical,
gravimetric, thermodynamic, kinetic, and surface
analyses confirmed that SG acts as a mixed-type
inhibitor, suppressing both anodic and cathodic
reactions. Adsorption followed the Langmuir
isotherm and proceeded through a combined
physisorption—chemisorption mechanism.

A key novelty of this work is the demonstration
of sustained corrosion protection over a prolonged
60-day exposure period under highly aggressive
acidic conditions, highlighting the durability and
practical potential of SG extract. The integration of
kinetic modeling, adsorption studies, and statistical
residual analyses provided deeper mechanistic
insight into the inhibition process, revealing
cooperative adsorption behavior and progressive
stabilization of the protective film. GC-MS analysis
further linked the inhibitor performance to the
presence of heteroatom-containing and Tr-electron-
rich phytochemical constituents responsible for
enhanced surface protection.

The findings indicate strong potential for the

application of SG extract in acid-handling
industries, including pickling, descaling,
petrochemical processing, and oil and gas

operations, where it could serve as a sustainable
alternative to conventional toxic inhibitors. Future
studies should focus on identifying the most active
phytochemical constituents, evaluating perfor-
mance under industrial operating conditions, and
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employing advanced surface characterization and
computational techniques to further elucidate the
inhibition mechanism. Overall, Stylosanthes gracilis
extract shows considerable promise as a
sustainable, high-performance corrosion inhibitor
for stainless steel protection in acidic chloride
environments.
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UBLAZA:VANJE KOROZIJE LEGURE 304L U RASTVORU HCI KORISCENJEM
EKOLOSKI KOMPATIBILNOG | ODRZIVOG EKSTRAKTA

Ispitivanje performansi inhibicije korozije ekstrakta lista Stylosanthes gracilis (SG) na nerdaju¢em
Celiku legure 304L u 1,0 M HCI je kori$¢enjem gravimetrijske, elektrohemijske, GC-MS, adsorpcije
i SEM/EDX analize. Rezultati su pokazali da ekstrakt efikasno smanjuje koroziju formiranjem
zastitnog adsorbovanog filma na povrS$ini legure. Brzina korozije i gustina struje su se smanijivale
sa povecanjem koncentracije ekstrakta, dok su se efikasnost inhibicije i otpornost na polarizaciju
znacCajno povecavale, dostizuci maksimalnu efikasnost od oko 94,6% pri 1,2 g/L. Pomeranje
potencijala korozije od 0,069 V ukazuje na ponasanje inhibicije meSovitog tipa. Studije adsorpcije
su otkrile spontanu adsorpciju prate¢i Langmirovu izotermu kroz kombinovane mehanizme
fizisorpcije-hemisorpcije. KinetiCke i rezidualne analize su pokazale da model drugog reda najbolje
opisuje proces inhibicije, Sto sugerise kooperativne adsorpcione interakcije izmedu fitohemijskih
sastojaka. GC-MS analiza je identifikovala jedinjenja koja sadrze kiseonik, sumpor, azot i fosfor,
odgovorna za adsorpciju i formiranje hidrofobne barijere.Rezultati SEM/EDX potvrdili su znac¢ajno
smanjenje povrsinske degradacije izazvane hloridima. Studija pokazuje dugoroénu sposobnost
zastite od korozije i industrijski potencijal SG ekstrakta kao odrzivog zelenog inhibitora za

nerdajuci Celik u kiselim sredinama.

Kljuéne reci: Inhibicija korozije, elektrohemijske tehnike, legura 304L, 1,0 M HCI, ekstrakt

Stylosanthes gracilis
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