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316L stainless steel is widely used in marine and biomedical applications. However, its protective Cr-rich passive
film can be destabilized by microbiologically influenced corrosion (MIC). Here, a multidisciplinary approach
combining electrochemical impedance spectroscopy (EIS), potentiodynamic polarization (PP), optical profil-
ometry, ATR-FTIR, X-ray photoelectron spectroscopy (XPS), and ICP-OES was used to investigate corrosion
behavior and passive film chemistry of 316L stainless steel (SS) exposed to Pseudomonas aeruginosa in artificial
seawater, and to evaluate the inhibitory effect of an aqueous Artemisia annua extract (AAE).

Exposure to P. aeruginosa, resulted in a marked decrease in film resistance, increased corrosion current density,
enhanced Fe dissolution, and pronounced surface pitting. Although biotic exposure increased the apparent oxide
thickness, XPS analysis revealed the formation of a chemically heterogeneous and less protective surface layer. In
contrast, the addition of AAE significantly mitigated these effects by stabilizing a Cr-enriched passive film,
increasing charge-transfer resistance, reducing jeor, and suppressing localized attack. ATR-FTIR confirmed
adsorption of phenolic acids from AAE, while XPS depth profiling revealed stabilization and thickening of the
passive layer. The inhibition efficiency of AAE, evaluated by PP, EIS, and ICP-OES, ranged from 65% to 83%,
demonstrating consistent protective behavior across all methods. These results indicate that A. annua extract acts
as a plant-derived corrosion inhibitor that preserves the functional stability of the Cr-rich passive film under MIC
conditions, offering a promising strategy for corrosion mitigation in marine environments.

1. Introduction may involve intergranular attack, enhanced Fe release, and passive film

modification in both marine and biomedical environments [5,6].

Microbiologically influenced corrosion (MIC) remains a persistent
challenge in various engineering systems, including marine structures,
water systems, energy infrastructure, and biomedical devices. It is esti-
mated that up to 70% of steel corrosion processes are associated with
microbial activity, leading to substantial safety, environmental, and
economic consequences worldwide [1,2]. Among structural materials,
austenitic stainless steels such as 316L are widely employed due to their
mechanical robustness and the spontaneous formation of a protective
Cr-rich passive film. However, under biofilm covered conditions, mi-
crobial metabolism and localized chemical gradients can destabilize this
passive layer, promoting chromium depletion, altered oxide chemistry,
and accelerated localized corrosion [3,4]. Recent studies have demon-
strated that microbiologically induced corrosion of 316L stainless steel
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Furthermore, comprehensive reviews highlight that interactions be-
tween biofilm development and passive film chemistry represent a
critical yet insufficiently understood aspect of MIC on stainless steels
[7]1. Among microorganisms relevant to MIC, Pseudomonas aeruginosa is
particularly significant due to its ability to form electrochemically active
biofilms and modulate interfacial redox processes, thereby influencing
the stability and protectiveness of the passive film [3,8].

Current strategies for MIC mitigation frequently rely on toxic bio-
cides and environmentally persistent chemicals, emphasizing the need
for sustainable, low toxicity alternatives [9]. In recent years,
plant-derived green inhibitors have attracted attention due to their
compositions rich in polyphenols, which contain organic molecules
capable of adsorbing onto metal surfaces through heteroatoms and
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n-electron systems. Beyond simple surface coverage, such compounds
may interact with metal oxides, modulate interfacial redox processes,
and influence the chemistry and stability of passive films under
aggressive conditions [10-12]. By altering surface physicochemical
properties, these molecules can also reduce bacterial adhesion and
interfere with early biofilm development [12].

Artemisia annua L., a widely distributed medicinal plant rich in
phenolic acids, has demonstrated antibacterial and antioxidative activ-
ity as well as corrosion inhibition on Fe and Al alloys in simulated
seawater [10,13,14]. In our previous work, we developed a simple
room-temperature aqueous extraction protocol designed to minimize
energy consumption and eliminate organic solvents [13-16]. The
resulting aqueous A. annua extract (AAE) exhibited high inhibition ef-
ficiencies on aluminium alloys in both abiotic and biotic media [14,16]
and mitigated corrosion of A36 carbon steel while suppressing
P. aeruginosa growth in the concentration range 0.50-2.18 mgmL ™!
[13]. However, the behavior of AAE in systems governed by passive film
stability, such as Cr-rich austenitic stainless steels, has not yet been
elucidated.

Despite increasing interest in plant derived corrosion inhibitors and
MIC of stainless steels, the mechanistic understanding of passive film
degradation and stabilization on Cr-rich alloys under biotic conditions
remains limited. Previous studies have largely focused on general
corrosion metrics, carbon steels, aluminium alloys, or biofilm suppres-
sion strategies, with comparatively fewer investigations addressing how
biofilm activity alters the chemistry and functional stability of passive
films on 316L stainless steel [7,17]. In particular, while increased oxide
thickness is often reported under MIC conditions, the relationship be-
tween passive film composition, chromium enrichment or depletion,
and electrochemical protectiveness remains insufficiently resolved. To
address this gap, the present work investigates the behavior of 316L
stainless steel exposed to P. aeruginosa in artificial seawater and evalu-
ates the influence of an aqueous A. annua extract (AAE) using a multi-
modal approach that integrates electrochemical analysis (EIS and
polarization), XPS depth profiling, ATR-FTIR spectroscopy, non-contact
optical profilometry, and ICP-OES metal dissolution monitoring. By
distinguishing between passive film thickness and functional stability,
this study provides mechanistic insight into how a plant derived extract
can preserve the Cr-rich oxide layer under MIC conditions. Given the
widespread use of 316L in marine and biomedical environments, where
corrosion is governed by passivity rather than uniform dissolution, un-
derstanding passive film stabilization mechanisms is essential for
developing sustainable corrosion mitigation strategies. While the pre-
sent work focuses on electrochemical and surface-chemical character-
ization, quantitative microbiological assays and advanced biofilm
imaging (e.g., SEM or CLSM) will be required in future studies to further
elucidate interactions between the biofilm and inhibitor.

2. Materials and methods
2.1. Substrate conditioning and sterilization protocols

316L stainless steel (20 x 20 x 3mm) coupons were used as test
surfaces for biofilm development. The declared composition of the alloy
included (%): 0.020C, 0.500 Si, 0.890 Mn, 0.035 P, <0.001 S, 10.000 Ni,
16.700 Cr, 2.010 Mo, 0.033 N, with Fe comprising the balance. Before
exposure to different experimental conditions, samples were mechani-
cally abraded with silicon carbide paper in successive grades (from 360
to 1200 grit), then subjected to ultrasonic cleaning in 96% ethanol for
1 min. Final disinfection was carried out by alternating brief flaming
over a Bunsen burner and immersion in 70% ethanol. All procedures
were conducted under aseptic conditions.

2.2. Culture medium composition and bacterial inoculation

Pseudomonas aeruginosa ATCC 27853 was re-cultured based on
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previously described protocols [13-16,18]. For microbial exposure tests,
a synthetic analog of seawater (ASWB) was used, with the following
composition per liter: 4.1575g NaySO4, 11.1211g MgCly-6H50,
0.7902 g KCl, 1.5877 g CaCl,-2H,0, 24.9772 g NaCl, 0.0587 g NaHCOs,
5.0000 g peptone, and 1.0000 g yeast extract. Coupons were submerged
in either sterile (abiotic) or inoculated (biotic) medium and incubated at
37 °C for intervals of 3, 7, 14, 21, and 30 days. To assess the influence of
Artemisia annua extract, a parallel set of biotic systems was supple-
mented with 1 gL’l of the extract (referred to as “inhibited media™),
incubated for 14 and 21 days. All bacterial systems were initiated at
approcimately10® cfu mL ™1,

2.3. Extract preparation and application strategy

The aqueous extract of A. annua was obtained following the extrac-
tion protocol reported in earlier studies [13,14,16,18], using the same
batch of plant material as in previous work. Previous phytochemical
characterization of this extract revealed that its major phenolic con-
stituents include chlorogenic acid and caffeic acid (Table S1), along with
minor flavonoid derivatives, as confirmed by HPLC profiling [16] and
ATR-FTIR analysis [13]. These phenolic acids are considered the pri-
mary bioactive components responsible for corrosion inhibition. Dried
and finely powdered plant material (1.0000 g), collected in southeastern
Bosnia and Herzegovina, was immersed in 1L of ASWB and left to
macerate at ambient temperature (25°C) in the dark. After 3h, the
mixture was filtered using a 0.45 pm filter paper, and the filtrate was
adjusted to 1L with additional ASWB to maintain a consistent compo-
sition across tests.

2.4. Electrochemical measurements

Electrochemical measurements were performed using a flat three-
electrode cell (Model K0235, Ametek Inc.) with a platinum mesh
counter electrode and an Ag | AgCl (3M KC) reference electrode. The
exposed surface area of the working electrode was 1 cm?.

Measurements were conducted using an Autolab PGSTAT320N
potentiostat (Metrohm) controlled by Nova 1.5 software. The working
electrolyte replicated the ASWB composition without bacterial nutrients
(peptone and yeast extract).

Open circuit potential (Eocp), electrochemical impedance spectros-
copy (EIS), and potentiodynamic polarization (PP) were employed to
evaluate corrosion behavior. EIS measurements were carried out at Eqcp
using a 10 mV rms AC perturbation over a frequency range from 10 kHz
to 5 mHz. Polarization scans were performed within +200 mV vs. Egcp
at a scan rate of 0.5mVs ' [18].

All electrochemical measurements were repeated on independently
prepared electrodes to confirm reproducibility. Only stable and repre-
sentative spectra and polarization curves corresponding to steady-state
conditions are presented.

2.5. Surface film analysis

Coupons exposed to different media (abiotic, biotic, inhibited) were
abundantly and gently rinsed with ASWB, then dehydrated using an
ethanol gradient (25-96%), after which oxide layers formed on 316L
coupons were examined using complementary analytical techniques
[18]. Independent experiments were performed to confirm reproduc-
ibility of surface analytical results. Representative data sets are reported.

2.5.1. Topographical imaging by optical profilometry

Surface morphology and roughness were analyzed using a non-
contact profilometer (ZYGO NewView 7100, Zygo Corporation, USA).
Measurements were standardized to a 1.092 x 1.092 mm? area across all
samples.
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2.5.2. Elemental and chemical profiling via XPS

X-ray photoelectron spectroscopy (XPS) analyses were performed
using a PHI-TFA XPS system (Physical Electronics, USA) equipped with a
monochromatic Al Ka source. The probed surface area was 0.4 mm in
diameter with an energy resolution of +0.3 eV. Survey spectra were
acquired from a representative region of each sample and quantified
using standard sensitivity factors [19], atomic percentages are therefore
reported as representative values intended for comparative analysis
between conditions. Depth profiling was achieved by Ar-ion sputtering
(1 keV, ~0.8 nm/min), enabling analysis of the oxide layers down to a
few nanometers.

2.5.3. Molecular fingerprinting using ATR-FTIR

ATR-FTIR spectra were recorded using an IRAffinity-1S spectrometer
(Shimadzu, Japan) equipped with a GladiATR10 accessory. Spectra
were collected directly from dehydrated 316L surfaces after 14 days of
incubation in different media.

For comparison, an ATR-FTIR spectrum of a solid caffeic acid stan-
dard (Sigma-Aldrich, >98%) was recorded under identical conditions to
support band assignment and confirm the presence of phenolic acids
derived from the extract.

2.5.4. Quantification of dissolved metals using ICP-OES

The elemental composition of alloying elements following short-term
(1 h) immersion of exposed 316L electrodes in absolute ethanol for
dissolution of released metal species was analyzed via ICP-OES (iCAP
6500 Duo, Thermo Scientific, UK). After immersion, the ethanol was
evaporated to 1 mL and diluted to 10 mL with ultrapure water. Con-
centrations of Fe, Cr, Mn, Mo and Ni were quantified using calibration
curves derived from certified multi-element standards (Alfa Aesar,
Specture®; VHG Labs, EPA Method Standard).

2.6. Estimation of inhibitory efficiency of A. annua

The efficiency of A. annua extract (AAE) in mitigating microbiolog-
ically influenced corrosion (MIC) on 316L was quantified from electro-
chemical data. From EIS, inhibition efficiency (IE) was calculated using
polarization resistance values extrapolated at low frequency:

R, -R
IE (%) =—F_—F
(%) =2

P x 100 @
P

where R;, denotes resistance in an extract-free medium, and R;, stands for
inhibited medium [16]. Similarly, from PP curves, IE was determined
via corrosion current densities:
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Here, jo. . and j,, are the current densities in the absence and presence of
AAE, respectively [20]. The assessment of inhibitory efficiency was also
calculated from ICP-OES results using Equations (3) and (4). First, the
corrosion rate of 316L SS was calculated by applying Equation (3):

LW
cor—At

3
In this equation, W denotes the amount of iron released (in pg), A refers
to the exposed surface area of the working electrode (4 cmz), and t
represents the immersion time in hours (t=1h) [21,22]. To assess the
efficiency of Artemisia annua aqueous extract in reducing the corrosion
induced by Pseudomonas aeruginosa, the inhibition efficiency (IE) was
calculated using Equation (4):

rO

_ Teor — Teor

IE(%) x 100 &)

cor

Here, r% . denotes the rate in the biotic medium, while r,, corresponds to
the corrosion rate measured in the presence of the extract (inhibited

medium) [22].
3. Results and discussion
3.1. Electrochemical results

3.1.1. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was used to evaluate
the corrosion behavior of 316L stainless steel in artificial seawater
following incubation in abiotic and biotic media.

Nyquist and Bode plots recorded after 3, 7, and 30 days (Figs. 1 and
2) reveal a progressive increase in total system impedance with im-
mersion time. However, samples incubated in the biotic medium
consistently exhibited lower impedance than those in the abiotic me-
dium indicating a diminished barrier effect in the presence of P. aeru-
ginosa. EIS spectra were fitted using the equivalent electrical circuits
(EECs) shown in Fig. 3.

Samples exposed to the abiotic medium and those incubated in the
biotic medium for 3 days were described by the two-time-constant
model [R (Q; [R1 (Q2R2)1)] (Fig. 3a), which reflects a surface/passive
film response (Q;, Rj) coupled with a charge-transfer process at the
metal/film interface (Qo, R2). In contrast, biotic samples at 7 and 30 days
were better represented by the model [R (Q1R1) (Q2R2)] (Fig. 3b), sug-
gesting modification of interfacial processes, likely associated with
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Nyquist and Bode plots of impedance spectra of 316L SS recorded in artificial sweater after incubation in abiotic (M3 d; 7 d; m30 d — fitted curves) media.
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Fig. 2. Nyquist and Bode plots of impedance spectra of 316L SS recorded in artificial sweater after incubation in biotic (v3 d; V7 d; ¥30 d; — fitted curves) media.
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Fig. 3. The equivalent electrical circuits used in modeling the impedance
spectra shown in Figs. 1-2 and 4.

Table 1
Values of EEC elements obtained by analyzing the impedance spectra of the 316L
steel electrode from Figs. 1 and 2.

Media ¢ Q x10° m Ry Q, x 10° ny R,

d Qlsn kQ QI kQ cm?
em 2 cm? em ™2

Abiotic 3 4.26 0.828 21.04 12.61 0.986 22.54
7 3.65 0.833 26.01 1.64 0.943 43.73
30 4.67 0.828 57.23 1.64 0.970 139.88

Biotic 3 3.62 0.834 9.67 17.14 0.917 18.95
7 5.46 0.792 10.19 15.40 0.908 22.68
30 5.06 0.706 12.01 55.25 0.858 36.31

biofilm development and increased surface heterogeneity. The fitted
parameters are summarized in Table 1.
Under abiotic conditions, the resistance of the surface film (R;)

200000

150000

100000

Zimag ! @ om?

50000

0 20000 40000 60000 80000 100000 120000

Zrgg ! Q2 cm?

log |Z| / cm2

increased from 21.0kQ cm? to 57.2kQ cmz, over 30 days, while the
charge transfer resistance (Ry) rose from 22.5kQ cm? to 139.9kQ cm?.
This progressive increase in both parameters indicates enhanced barrier
properties and improved electrochemical stability of the Cr-rich passive
film during immersion [23]. In the biotic medium, however, both R; and
R remained significantly lower throughout the same exposure period.
After 30 days, the Ry value (36.3 kQ cm?) was nearly fourfold lower than
in the corresponding abiotic system, reflecting accelerated interfacial
charge transfer and reduced functional stability of the passive layer in
the presence of P. aeruginosa. The lower R; values further suggest that
although an oxide layer persists, its protective integrity is compromised
under biofilm covered conditions. In addition, the decrease in n values
under biotic conditions (Table 1) indicates increased surface heteroge-
neity and deviation from ideal capacitive behavior, consistent with
biofilm coverage and chemical inhomogeneity of the passive layer.
The influence of Artemisia annua extract (AAE) on film formation in
the presence of P. aeruginosa after 14 days is shown in Fig. 4. The open
circuit potentials (Eocp) were —0.085V for the abiotic medium,
—0.037 V for the biotic medium, and —0.224V for the inhibited me-
dium. EIS data for the abiotic and inhibited conditions were described
by [R (Q1 [R1 (Q2R2)1)] (Fig. 3a), whereas spectra collected in the biotic
medium required [R (Q1R;1) (Q2R2)] (Fig. 3b) for accurate representation
[24]. The electrolyte resistance remained constant at 17.4 Q cm? across
all measurements, and EEC fitting results are summarized in Table 2.
The negative effect of P. aeruginosa on the development of passive
film is evident from the strong reduction in R;, with the biotic film
exhibiting a resistance of only 2.45kQcm? which is sixteen- and
fourteen-fold lower than in the abiotic (39.2kQ cmz) and inhibited
(35.3kQ cm?) media, respectively. This substantial decline indicates
disruption and increased heterogeneity of the passive film rather than its
complete absence. Importantly, the addition of AAE to the biotic me-
dium markedly enhanced charge transfer resistance, increasing Ry to
63.8kQ cm?, which is approximately twice the value observed for the
uninhibited biotic system (32.5kQ c¢m?) under identical incubation
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Fig. 4. Nyquist and Bode plots of impedance spectra recorded on a 316L steel electrode in artificial seawater solution after incubation in abiotic (M), biotic (¥). and

inhibited (@) media for 14 days. The lines show the modeled data.
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Table 2
Values of EEC elements obtained by analyzing the impedance spectra of the 316L
steel electrode from Fig. 4.

Medium Q x 10° n Ry Q; x 10° ny R,
Qs em2 kQem? Q!s"em2 kQ cm?
Abiotic 2.85 0.873 39.20 4.40 0.963 123.40
Biotic 4.49 0.773 2.45 48.98 0.802 32.49
Inhibited 4.26 0.835 35.34 0.81 0.985 63.80

conditions (Table 2). Similar increases in charge-transfer resistance
during MIC mitigation of stainless steels have been reported for D-
cysteine-modified systems [17], where inhibition was attributed to
suppression of biofilm induced passive film destabilization.

Overall, EIS results demonstrate that P. aeruginosa compromises the
functional stability of the passive film on 316L stainless steel, leading to
reduced barrier resistance and enhanced charge transfer. In contrast, the
presence of AAE partially restores electrochemical resistance by stabi-
lizing the surface film and suppressing corrosion kinetics. This behavior
is consistent with adsorption of phenolic compounds, such as chloro-
genic and caffeic acid [16], which may interact with surface oxides and
reinforce the protective Cr-rich passive layer under microbiologically
influenced conditions.

3.1.2. Potentiodynamic polarization

Polarization curves recorded for 316L stainless steel in artificial
seawater after 14 days of incubation in abiotic, biotic, and inhibited
media are presented in Fig. 5. The corrosion parameters derived from
these experimental curves are summarized in Table 3.

As shown in Table 3, the highest corrosion current density of
0.217 pA cm 2 was observed for electrodes incubated in the biotic me-

dium, whereas the lowest value, 0.044 pA cm‘z, was obtained in the
inhibited medium, closely matching the abiotic condition
0.2
__ 014
O
X
= 0.0 1
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O 014
::')) v v A\ A4
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> .03
2
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log (j/ A cm2)

Fig. 5. Polarization curves of 316L stainless steel in artificial seawater after 14
days of incubation in abiotic (M), biotic (¥). and inhibited (e) media, recorded
at a potential scan rate of y=0.5mVs .

Table 3

Corrosion parameters for 316L stainless steel in artificial seawater after 14 days
of incubation in abiotic, biotic, and inhibited media, obtained from analysis of
the experimental results shown in Fig. 5.

Media b, be Ecor Jeor

V dec! V dec™! A% pA cm—2
Abiotic 0.112 0.124 —-0.190 0.058
Biotic 0.091 0.141 —0.124 0.217
Inhibited 0.103 0.179 —0.248 0.044
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(0.058 pA cm~2). The pronounced increase in jor under biotic conditions
(Fig. 5, Table 3) confirms that P. aeruginosa accelerates the corrosion of
316L stainless steel most likely through biofilm mediated destabilization
of the passive Cr-rich oxide layer and modification of interfacial elec-
trochemical reactions. The corrosion potential (E.,,) also shifted posi-
tively in the biotic system (—0.124 V) relative to the abiotic condition
(—0.190 V), suggesting altered anodic-cathodic balance in the presence
of metabolically active bacteria. The observed increase in corrosion
current density under biotic conditions aligns with previously reported
MIC acceleration of 316L in saliva and marine analogues [5,6]. In
contrast, the inhibited system exhibited a more negative E;o
(—0.248V), consistent with partial suppression of anodic dissolution
processes and stabilization of the passive film.

The addition of AAE resulted in a substantial reduction in jc, cor-
responding to an inhibition efficiency of approximately 80% relative to
the uninhibited biotic condition. The moderate changes in both anodic
(b,) and cathodic (b.) Tafel slopes indicate that AAE influences both
partial reactions, suggesting a mixed-type inhibition mechanism rather
than purely anodic or cathodic control. The corresponding inhibition
efficiencies calculated from electrochemical data are summarized
separately in Table 6 for clarity.

The polarization results corroborate the EIS findings, demonstrating
that P. aeruginosa compromises protection attained from passive film,
whereas AAE partially restores electrochemical stability. Importantly,
while polarization measurements quantify corrosion kinetics, the con-
current increase in Ry observed in EIS confirms that the improvement is
associated with enhanced charge transfer resistance and not merely a
shift in corrosion potential. These complementary techniques therefore
support the interpretation that AAE preserves the functional integrity of
the Cr-rich passive film under MIC conditions.

3.2. Optical profilometry

The results of the profilometric analysis of 316L stainless steel
electrodes exposed to abiotic, biotic, and inhibited media for 21 days are
shown in Figs. 6-8.

The three-dimensional (3D) and linear (2D) surface profiles of elec-
trodes incubated in the biotic medium reveal clear signs of localized
pitting damage (Fig. 7). The maximum pit depth observed in the 2D
profile reached approximately 1.25 pm. Such damage was not observed
on electrodes exposed to the abiotic medium (Fig. 6) nor on those
incubated in the inhibited medium (Fig. 8). The average surface
roughness of the film formed on electrodes incubated in the biotic me-
dium was approximately 0.108 pm. In contrast, electrodes exposed to
the abiotic medium exhibited only a few shallow pits and developed a
surface film with an average roughness of ~0.086 pm (Fig. 6). Similar
behavior was observed when Artemisia annua extract was added to the
biotic medium: the number of pits was substantially reduced, and a more
uniform surface film formed, with an average roughness of ~0.099 pm
(Fig. 7) [25].

3.3. XPS surface and depth profiling

X-ray photoelectron spectroscopy (XPS) was employed to charac-
terize the chemical composition and oxidation states of the oxide films
formed on 316L stainless steel electrodes after 14-day incubation in
abiotic, biotic, and inhibited media. Additionally, argon ion sputtering
combined with depth profiling was used to examine the elemental dis-
tribution within the surface layer and estimate oxide thicknesses.

Survey XPS spectra (Figs. S1-S3) revealed the presence of Fe, Cr, Ni,
O, C, N, P, Ca, and Na across all samples, reflecting contributions from
both the native passive film and species derived from the electrolyte and
biological environment. Quantitative surface compositions derived from
representative survey spectra are summarized in Table 4 and are dis-
cussed comparatively across conditions.

High-resolution Cr 2ps/y spectra (Fig. 9a—c) displayed three peaks:
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Fig. 6. 2D and 3D profiles of the 316L SS surface exposed to an abiotic medium for 21 days.

+2.00000

+1.00000

+0.00000

Height {pm)

-1.00000

-2.00000

-3.26717

+23.56762

mrm

0.000 1.092
0.000

0.000 0.500

Distance imm)

Fig. 7. 2D and 3D profiles of the 316L SS surface exposed to biotic medium for 21 days.

metallic Cr’ at ~575.0eV, Cr®" at ~576.7¢V, and a Cr-plasmon
shoulder at ~578.0 eV. The spectral shapes were consistent across all
media, suggesting a thin CrpO3-type oxide on the Fe-Cr substrate [26].
However, subtle differences in relative intensities and surface atomic
ratios indicate that the chemical stability of this layer is influenced by
the incubation environment.

Depth profiling up to 20 nm (Fig. 10) revealed a surface-enriched
oxide layer composed primarily of Cr and Fe oxides in all cases. The
estimated oxide thicknesses were 2.5 4 0.5nm (abiotic), 3.0 = 0.5 nm
(biotic), and 4.0 £+ 0.5 nm (inhibited). Notably thicker oxide layer was
observed under biotic conditions, compared to abiotic sample that
exhibited the thinnest film. This trend demonstrates that oxide thickness

alone does not directly correlate with electrochemical corrosion resis-
tance. Despite its greater thickness, the biotic film exhibited signifi-
cantly lower charge-transfer resistance (Rp) and higher corrosion
current density (jeor), indicating that microbial activity promotes the
formation of a chemically less stable and more defective oxide.

In contrast, the inhibited sample displayed both increased thickness
and improved electrochemical resistance. The enhanced Cr/Fe surface
ratio observed in Table 4 suggests that AAE promotes stabilization of the
Cr-rich component of the passive layer rather than merely increasing
overall oxide growth. Preservation of chromium enrichment is particu-
larly important for 316L stainless steel, as corrosion resistance is gov-
erned by the integrity of the CryOgs-based passive film rather than by
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Table 4

Quantitative composition of the 316L SS surfaces after 14 days of incubation in
abiotic, biotic and inhibited media calculated from the XPS spectra shown in
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Fig. 8. 2D and 3D profiles of the 316L SS surface exposed to an inhibited medium for 21 days.

Figs. S1-S3 (expressed in at.%).

total oxide thickness. These findings are consistent with reports that MIC

on Cr-containing stainless steels promotes Fe enrichment and Cr
depletion of the passive layer [6,7].
The higher surface carbon content detected for the inhibited sample

relative to the biotic condition is consistent with the adsorption of phenolic

Medium Element

C o N P Ca Cr Fe
Abiotic 50.2 37.3 3.7 3.1 1.8 2.6 1.3
Biotic 47.9 37.1 5.0 2.9 2.3 3.0 1.8
Inhibited 52.9 34.9 4.3 3.0 2.6 1.6 0.7

acids onto the steel surface. The combined XPS and electrochemical data
therefore indicate a multimodal inhibition mechanism: microbial activity
disrupts passive-film chemistry and increases heterogeneity, whereas AAE
stabilizes the Cr-rich oxide and suppresses charge-transfer reactions
without simply producing a thicker but less protective film.
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Fig. 9. Normalized high-resolution Cr 2p3, (a, b, ¢) and Fe 2p3,» (d, €, f) XPS spectra of 316L stainless steel incubated in the abiotic (a, d), biotic (b, e), and inhibited

media (c, f).
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Fig. 10. XPS depth-profile elemental distributions for 316L stainless steel electrodes incubated in the abiotic (a), biotic (b), and inhibited media (c).

3.4. ATR-FTIR spectroscopy

ATR-FTIR spectra of the 316L stainless steel surfaces recorded after
14 days of incubation in biotic and inhibited media are presented in
Fig. 11.

The spectrum of the electrode incubated in the biotic medium ex-
hibits a characteristic broad band in the region between 700 and
400 cm’l, which is associated with Fe—-O and Fe—O-H vibrational modes
characteristic of iron (III) hydroxides and oxyhydroxides [27]. The
presence of an —-OH stretching band centered at approximately
3240 cm™! further supports the formation of hydrated Fe(Ill) oxy-
hydroxide species on the steel surface [28]. These features are consistent
with the XPS results, which indicate increased iron oxide contributions
under biotic conditions, and with the elevated corrosion current density
measured by polarization analysis.

In addition, two prominent bands observed near 1600 cm™ " and
1100 cm ™! are attributed to vibrations of carboxyl-containing functional
groups and polysaccharide-related stretching modes, respectively [13,
29-31]. These signatures are characteristic of extracellular polymeric
substances (EPS), supporting the development of a biofilm layer on the
steel surface. The increased nitrogen content detected by XPS (Table 4)
under biotic conditions further corroborates the presence of biologically
derived surface species.

In contrast, the ATR-FTIR spectrum of the steel electrode incubated
in the inhibited medium shows distinct bands at approximately
1640 cm™! and 1520 cm ™}, which are assigned to the asymmetric and
symmetric stretching vibrations of the deprotonated carboxylate group
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Fig. 11. ATR-FTIR spectra of the 316L SS surfaces that were incubated in biotic
(red) and inhibited media (green) for 14 days.

(CO0O™), respectively [14,32,33]. These bands closely resemble those
reported in the previously published ATR-FTIR spectrum of the ageous
Artemisia annua L. extract [14] in which phenolic acids were identified
as major constituents. HPLC analysis of AAE [16,33,34] confirmed the
presence of chlorogenic acid and caffeic acid as dominant phenolic
components, supporting the assignment of these vibrational features to
adsorbed phenolic species.[35]

To further validate this interpretation, the ATR-FTIR spectrum of
pure caffeic acid standard recorded in the solid state is presented in
Fig. 12. The spectrum exhibits broad O-H stretching in the
3400-3200 cm region and characteristic bands near 1600, 1440, and
1270-1100 cm ™ [36,37]. The overlap of these features with those
observed on the inhibited steel surface (Fig. 11), together with prior
HPLC profiling [16] and the reported ATR-FTIR spectrum of AAE [14],
supports the presence of adsorbed phenolic constituents from the
extract. In view of the complex interfacial environment, this evidence is
interpreted as indicative of adsorption rather than specific chemical
bonding.[35]

The absence of significant attenuation of biofilm-related bands in the
inhibited spectrum, combined with the appearance of phenolic signa-
tures, indicates that AAE components competitively adsorb onto the
steel surface, modifying the interfacial chemistry and suppressing EPS
accumulation. This interpretation is consistent with the improved
charge transfer resistance observed in EIS measurements, reduced
corrosion current density in polarization experiments, and enhanced Cr/
Fe surface ratio detected by XPS.

Taken together, the FTIR, XPS, and electrochemical results support a
multimodal inhibition mechanism in which phenolic compounds of AAE
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Fig. 12. ATR-FTIR spectrum of caffeic acid standard.
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adsorb onto active surface sites, limit Fe dissolution, and preserve the
integrity of the Cr-rich passive film under microbiologically influenced
corrosion conditions.

3.5. ICP-OES

The concentrations of Fe, Cr, Mn, Mo, and Ni released from the 316L
stainless steel electrodes after short-term immersion tests were quanti-
fied by inductively coupled plasma optical emission spectroscopy (ICP-
OES) and are summarized in Table 5.

Iron dissolution was markedly reduced in the presence of Artemisia
annua extract. The Fe concentration decreased from 74.8 +1.0 pgL ™!
em ™2 in the biotic medium to 12.5+ 0.3 pgL ™! ecm™2 in the inhibited
system, corresponding to an approximately six fold reduction. This
substantial decrease confirms that AAE effectively suppresses Fe release,
which represents the dominant dissolution pathway under microbio-
logically influenced corrosion conditions.

Chromium release showed only a minor decrease (3.8+0.2 to
3.4+0.2pgL ! em™?), indicating that the Cr-rich passive component
remained relatively stable in both environments. The preferential
reduction of Fe dissolution in the inhibited medium is consistent with
XPS results showing enhanced Cr/Fe surface ratios and with electro-
chemical measurements demonstrating increased charge transfer resis-
tance. Similar decreasing trends were observed for Mo and Ni, while Mn
exhibited a slight increase under inhibited conditions, likely reflecting
redistribution processes within the alloy rather than accelerated
corrosion.

Using the quantified Fe release, the corrosion rate was calculated
according to Equation (3). The corrosion rate decreased proportionally
with Fe concentration in the inhibited medium (Table 5), confirming
that the reduction in electrochemical activity observed by polarization
and impedance measurements corresponds to a measurable decrease in
cumulative metal dissolution. These results provide independent
chemical evidence that AAE mitigates MIC degradation of 316L stainless
steel.

3.6. Inhibition efficiency

The inhibition efficiency (IE) of A. annua aqueous extract against
MIC-induced corrosion of 316L SS was evaluated using three indepen-
dent techniques: electrochemical impedance spectroscopy (EIS),
potentiodynamic polarization, and ICP-OES analysis of dissolved Fe
(Table 6).

The calculated IE values were approximately 65% (EIS), 80% (PP),
and 83% (ICP-OES). Although the IE deduced from EIS data is slightly
lower, such variation is expected due to methodological differences. EIS
primarily reflects interfacial resistance and integrity of the passive film,
whereas polarization analysis quantifies corrosion kinetics, and ICP-OES
measures cumulative metal dissolution. The higher IE derived from ICP-
OES indicates that AAE substantially suppresses total Fe release, while
the EIS value reflects partial but significant restoration of protective
properties of passive film under biotic conditions. All three techniques
consistently confirm strong inhibition of MIC on 316L stainless steel by
AAE.

From a mechanistic perspective, the results support a stepwise in-
hibition. Under biotic conditions, P. aeruginosa biofilm formation and
associated extracellular polymeric substances promote passive film

Table 5
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Table 6

Inhibition efficiency (IE) of A. annua
aqueous extract against MIC-induced
corrosion of 316L stainless steel, deter-
mined by electrochemical impedance spec-
troscopy, EIS (using Equation (1))
potentiodynamic polarization, PP (using
Equation (2)), and ICP-OES quantification
of dissolved Fe (using Equations (3) and

).
Method IE (%)
EIS 64.7
PP 79.7
ICP-OES 83.3

destabilization, increase interfacial heterogeneity (as reflected by
reduced n-values), decrease charge transfer resistance, and increased Fe
dissolution. XPS and ICP-OES data confirm preferential Fe release and
the formation of a chemically less protective, Fe-enriched oxide layer,
despite modest increases in total oxide thickness. In contrast, in the
presence of AAE, phenolic compounds adsorb onto the steel surface,
competitively modifying the interfacial chemistry and attenuating bio-
film associated signatures. This adsorption correlates with preservation
of Cr enrichment within the passive layer, increased charge-transfer
resistance, and a substantial reduction in Fe release.

Taken together, the combined EIS, PP, FTIR, XPS, profilometry, and
ICP-OES data indicate that AAE functions as an interfacial modifier that
stabilizes the Cr-rich passive film, suppresses microbiologically induced
Fe dissolution, and mitigates MIC degradation without relying solely on
increased oxide thickness.

4. Conclusion

The integrated electrochemical, spectroscopic, and surface analyses
demonstrate that P. aeruginosa significantly destabilizes the passive film
on 316L stainless steel in artificial seawater, leading to increased surface
heterogeneity, reduced charge transfer resistance, increased corrosion
current density, Fe dissolution, and localized pitting. Although oxide
thickness under biotic conditions was not reduced, the combined EIS,
polarization, XPS, and ICP-OES data reveal that the biofilm promotes the
formation of a chemically less protective and Fe-enriched surface layer,
thereby destabilizing passive film.

In contrast, the addition of A. annua aqueous extract effectively
mitigated MIC. AAE reduced Fe dissolution, restored charge transfer
resistance, suppressed biofilm formation and preserved chromium
enrichment within the passive layer. ATR-FTIR confirmed adsorption of
phenolic compounds, while XPS depth profiling demonstrated stabili-
zation of the Cr-rich oxide rather than simple thickening of the surface
film. Together, these findings support a multimodal inhibition mecha-
nism in which AAE acts as an interfacial modifier that stabilizes passive
film chemistry and limits MIC of 316L stainless steel, highlighting the
potential of plant derived extracts as sustainable corrosion mitigation
strategies for alloys used in marine and biomedical environments.
Although AAE represents a solvent-free, plant-derived candidate with
low expected toxicity, comprehensive toxicological and biodegrad-
ability assessments are required prior to large scale or field application.

Concentrations of elements released after short immersion tests of treated 316L steel electrodes measured by ICP-OES.

Media Element (ug L™! cm™2) Teor (g cm ™2 h7Y)
Fe Cr Mn Mo Ni

Biotic 74.8+£1.0 3.84+0.2 43+0.2 6.44+0.2 3.7+£0.2 0.7540.01

Inhibited 12.5+0.3 3.4+0.2 6.3+0.5 0.8+0.1 25+0.1 0.125 +0.003
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