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The pervasive corrosion of mild steel in acidic media poses a significant challenge in various industrial

applications. While existing synthetic corrosion inhibitors are effective, their high cost and environmental

toxicity necessitate the development of more sustainable alternatives. In this study, we present a novel

approach to corrosion mitigation employing a porous nanocarbon synthesized from mango kernels,

a sustainable source of agricultural waste. The CNS inhibitor was synthesized via pyrolysis at 800 °C,
yielding a high surface area (1090.2 m? g~ as confirmed by BET analysis. FE-SEM revealed a well-
developed spherical morphology with an average particle size of 60-70 nm. The corrosion inhibition
efficiency of CNS was evaluated for mild steel in 1 M HCl using a combination of electrochemical
techniques, including open circuit potential, potentiodynamic polarization (PDP), and electrochemical
impedance spectroscopy. The CNS derived from waste mango kernels, exhibited excellent inhibition

performance, achieving an efficiency of up to 87.1% at 800 ppm. PDP results revealed a mixed-type

inhibition mechanism with suppression in both anodic and cathodic reactions. The thermodynamic

parameter, adsorption free energy (AG

- 4s) of about —20.0 kJ mol ™, indicates a spontaneous process and

predominantly physical adsorption. Adsorption behavior was consistent with the Langmuir isotherm
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model. Surface analyses using SEM, EDS, optical profilometry, and water contact angle measurements

corroborated the formation of a protective inhibitor film on the steel surface. These findings highlight

DOI: 10.1039/d5ra09725h
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1 Introduction

Mild steel (MS) remains a vital material for industrial infra-
structure due to its strength, ductility, and low cost. However,
its performance in acidic environments is often compromised
due to rapid corrosion, particularly in hydrochloric acid (HCI)
medium, which is widely used in pickling, oil well acidizing,
and descaling processes." Despite being an indispensable
industrial process for removing rust and oxides, the use of
strong acids in acid pickling and cleaning results in severe
corrosion of MS, which is why laboratory studies using corrosive
media like 1 M HCI are essential for developing viable solutions
to prevent metal degradation.”™

The high concentration of chloride ions in HCl medium
promotes anodic iron dissolution and cathodic hydrogen
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the potential of bio-waste-derived materials as a sustainable and environmentally benign corrosion
inhibitor for mild steel in acidic environments.

evolution, accelerating degradation and jeopardizing structural
integrity.>® Notably, corrosion-induced failures have led to
severe industrial disasters in recent years. Corrosion-related
failures have been implicated in several catastrophic events
worldwide. For instance, the rupture of the Sinopec and
Donghuang II oil pipelines in Qingdao resulted in a devastating
explosion that claimed 62 lives, injured 136 individuals, and
caused an estimated economic loss exceeding USD 124.9
million. In another case, the Fukushima nuclear facility expe-
rienced leakage from a corroded storage tank, discharging
nearly 300 metric tons of contaminated water into the ocean
and forcing the suspension of fishing activities in the
surrounding area.” These incidents underscore the urgent need
for effective corrosion mitigation strategies in aggressive
environments.

Various strategies have been developed to mitigate the
corrosion of MS, particularly in aggressive acidic environments.
These include surface coatings, cathodic protection, alloying,
and the use of corrosion inhibitors.*** Among these, corrosion
inhibitors are one of the most widely employed methods due to
their cost-effectiveness, ease of application, and efficiency in
reducing metal dissolution. A wide range of chemical
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compounds has been explored as corrosion inhibitors,
including organic and inorganic molecules, surfactants, poly-
mers, ionic liquids, and liquid crystals.” These compounds
typically function by adsorbing onto the metal surface to form
a protective barrier that impedes both anodic and cathodic
reactions."?

Conventional corrosion inhibitors, particularly organic
molecules, are effective; however, many of these organic
compounds are toxic, environmentally persistent, and non-
biodegradable.”® On the otherhand, inorganic inhibitors such
as chromates, phosphates, and silicates also present toxicity
and long-term environmental concerns. Surfactant-based
inhibitors, with their amphiphilic molecular structures, offer
good adsorption behavior but their stability under high
temperatures and extreme pH conditions remains limited, and
their synthesis often involves non-renewable feedstocks and
costly reagents.™

Plant-based inhibitors derived from extracts rich in alka-
loids, flavonoids, and tannins, have demonstrated significant
inhibition efficiency in acidic environments.” Nonetheless,
they suffer from inherent limitations such as batch-to-batch
variability, the presence of multiple phytochemicals with
synergistic or antagonistic effects, poor thermal stability, and
challenges in isolating the active components.*®

Recently, carbon-based nanomaterials have shown prom-
ising corrosion inhibition due to their high surface area,
uniform shape, stability, tunable porosity and biocompati-
bility.” Studies have confirmed the potential of graphene oxide,
carbon nanotubes, and fullerene derivatives for corrosion
inhibition in acidic settings.'®'® For instance, Jing et al. devel-
oped PANI tannate-modified carbon nanotubes that showed an
inhibition efficiency of approximately 90% for MS in an HCI
medium.” Similarly, Shirazi et al utilized a copolymer poly(-
aniline-co-o-anthranilic acid) with GO and MWCNT, achieving
efficiencies of 83% and 89%, respectively, in an HCl medium.**
However, the high cost and complex synthesis methods of some
of these carbon nanomaterials limit their industrial scalability,
which has spurred interest in using biomass-derived carbon
nanoparticles (CNP) as a low-cost, sustainable alternative.

Zhen et al., for example, synthesized carbon dots (CDs) from
natural chitosan, which yielded an impressive inhibition effi-
ciency of about 97% for MS in an HCl medium.?” In another
study, Kuriaya et al. synthesized CDs from garlic peels, showing
an inhibition efficiency of approximately 79% over a two-hour
period.”® While these studies demonstrate the promise of
carbon dots, there remains a significant gap in the literature
regarding the use of biomass-derived porous nanocarbons for
this application.

Biomass-derived CNP help in reducing the wastes from the
environment, and can be transformed into high-purity carbon
through pyrolysis.>* Mango (Mangifera indica) is a widely culti-
vated tropical fruit, primarily processed for its edible pulp,
leaving behind a substantial amount of seed waste, comprising
20-60% of the fruit's total weight. The kernel, which accounts
for 45-75% of the seed mass, is typically discarded due to its
limited commercial utility, contributing to an estimated 123
000 metric tonnes of global mango seed waste annually.>*>”

6916 | RSC Adv, 2026, 16, 6915-6930

View Article Online

Paper

Composed primarily of cellulose (25.2%), hemicellulose
(34.06%), and lignin (15.0%),?®* mango kernels possess a ligno-
cellulosic structure well-suited for conversion into porous
carbon materials. Given their abundance, renewable nature,
and carbon-rich composition, mango kernels represent an
attractive  biomass for sustainable materials
development.

In this study, mango kernel waste was converted into porous
carbon nanospheres (CNS) using a single-step, non-activated
pyrolysis method under a nitrogen atmosphere. The resulting
CNS exhibited a high specific surface area and was evaluated for
its corrosion inhibition performance on MS in 1 M HCI solu-
tion. To the best of our knowledge, this is the first report
employing mango kernel-derived porous carbon in corrosion
protection.

The inhibition efficiency of the synthesized CNS was
systematically assessed using potentiodynamic polarization
(PDP), electrochemical impedance spectroscopy (EIS), adsorp-
tion isotherm modelling, surface morphology analysis (SEM-
EDS and optical profilometry), and water contact angle (WCA)
measurements. A comparative analysis was also performed
across varying inhibitor concentrations (50-800 ppm) and
temperatures (298-313 K) to understand the thermodynamic
and kinetic parameters influencing the corrosion process. This
study provides a sustainable pathway for utilizing mango waste
while advancing the development of environmentally friendly
carbon-based corrosion inhibitors.

source

2 Materials and methods
2.1 Synthesis of CNS

The waste mango kernels were collected and sun-dried for
several days. The dried kernels were finely powdered using
a mixer grinder and sieved with the help of a 75 um sieve. The
sieved sample was pyrolyzed using a quartz tube furnace at 800 °©
C with a ramp-up of 10° min~* in an N, atmosphere with a flow
rate of 0.5 L min™". In order to remove the silicate impurities,
the pyrolyzed CNS was acid-washed (0.1 N HCI). Further, the
CNS was washed with distilled water until it had a neutral pH.
Detailed procedure is given in our previous work.> The CNS
obtained was termed as MK800 and employed for further
studies.

2.2 Structural and morphological characterization of CNS

The morphology and elemental distribution of the synthesized
inhibitor were examined by field emission scanning electron
microscopy (FESEM) and energy-dispersive X-ray spectroscopy
(EDS) using an Apero system (Thermo Fisher Scientific, USA).
The average particle size of the nanospheres was determined
from FESEM images using Image] software. Transmission
electron microscopy (TEM) was carried out on a Talos F200i
instrument (Thermo Scientific, Czech Republic). X-ray photo-
electron spectroscopy (XPS, ESCALAB 250Xi, Thermo Scientific)
was employed to analyze elemental composition and chemical
states. Brunauer-Emmett-Teller (BET) surface area, pore size,
and pore volume were determined by N, adsorption—-desorption

© 2026 The Author(s). Published by the Royal Society of Chemistry
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isotherms using a BELSORP-max system (Microtrac, Japan), and
t-plot analysis. X-ray diffraction (XRD) patterns were recorded
using a Miniflex 600 diffractometer (Rigaku, Japan) with Cu Ka
radiation. Raman spectra were acquired using a LabRAM HR
system (Horiba, Renishaw) with a 532 nm excitation source.

2.3 Preparation of MS, acid medium, and inhibitor solution

MS specimens were prepared with an exposed surface area of 1
cm?, while the remaining portions were insulated using an
acrylic resin (DPI RR Cold Cure) coating. The metallic surface
was sequentially abraded using emery papers of increasing grit
size (220 to 1500), followed by final polishing on a rotating disc
polisher until a mirror-like finish was achieved.

A 1 M HCI solution was prepared by diluting a standardized
stock acid solution, which had been titrated against 0.1 M
sodium carbonate solution using a volumetric method.

The corrosion inhibitor MK800 was dispersed in 1 M HCI at
concentrations ranging from 50 to 800 ppm using an ultra-
sonicator for about 15-20 minutes. Electrochemical measure-
ments were conducted at various temperatures (298-313 K) to
assess the thermal stability and efficiency of the inhibitor under
controlled conditions.

2.4 Electrochemical measurements

Electrochemical characterization of MS for corrosion behavior
in 1 M HCI, both with and without the biomass-derived carbon
nanosphere inhibitor (MK800), was performed using a CH660E
electrochemical workstation (CH Instruments, USA). A
conventional three-electrode configuration was employed,
comprising a platinum as counter electrode, a saturated
calomel as reference electrode (SCE), and MS as the working
electrode. Prior to measurement, samples were stabilized under
open-circuit potential (OCP) conditions for 400 s to ensure
electrochemical equilibrium. EIS was performed at the stabi-
lized OCP, while PDP measurements were carried out by
sweeping the potential in the range of +250 mV relative to OCP
at a scan rate of 1 mVs~". EIS and PDP measurements were each
recorded in triplicate to ensure reproducibility and reliability of
the data.

2.4.1 Potentiodynamic polarization studies. PDP experi-
ments were performed at a constant scan rate of 1 mV s~ ', with
the applied potential swept over a range of £250 mV around the
open-circuit potential. The resulting Tafel plots were analyzed
to determine the electrochemical parameters, including the
corrosion current density (icorr) and the Tafel slopes for the
anodic (+8,) and cathodic (—@.) branches.

The corrosion rate (CR) was calculated using a standard
formula (eqn (1)), which incorporates i, along with material-
specific constants.

3272 X M X o

R
¢ p X Z

(1)

In this equation, the factor 3.272 serves as a unit conversion
constant, i.. is the corrosion current density in A cm 2, p

represents the density of the metal (7.89 ¢ cm™>), M is the
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atomic mass of iron (55.5 ¢ mol ), and Z, the number of
electrons involved in the corrosion reaction, is assumed to be 2.

The surface coverage (6), representing the fraction of the
metal surface protected by the inhibitor, and the inhibition
efficiency (n%) were evaluated using eqn (2) and (3),
respectively.

6 — icorr(B) - icorr(I) (2)
icorr(B)
Teorr(B) —

7]pr(0/0) _ cmr(l?) corr(I) % 100 [3)
Icorr(B)

These values were derived by comparing the corrosion
current densities in the absence (icorr(s)) and presence (icorr() of
the MK800 inhibitor, both expressed in A cm 2.

2.4.2 Electrochemical impedance spectroscopy measure-
ments. EIS was performed in the frequency range of 100 kHz to
1 Hz with a 10 mV AC perturbation. Data analysis and equiva-
lent circuit fitting were carried out using ZSimpWin 3.21 soft-
ware, enabling the determination of polarization resistance (Rp)
and double-layer capacitance (Cq). The inhibition efficiency
from EIS was calculated using the following equation:

Rp(1y — Rps o

NEIS (%) = 100 (4)

P(I)
where Rp() and Rp(g) are polarization resistance in the presence
and absence of the inhibitor.

2.5 Surface analysis of MS

Surface analysis of MS under different treatment conditions was
performed using SEM, OP, and WCA measurements. MS
samples, including polished (bare), corroded (immersed in 1 M
HCl), and inhibited (treated with MK800), were immersed in
their respective solutions for 5 hours, then removed, dried, and
exposed to ambient air for 24 hours prior to analysis. These
samples were used to analyze SEM, OP, and WCA measure-
ments. SEM imaging was conducted using a Carl Zeiss EVO10
instrument to examine morphological changes across the
samples. Elemental analysis was carried out via EDS to deter-
mine surface composition. Surface roughness and topography
were quantitatively evaluated by OP using a KLA Tencor
instrument. The wettability of the samples was evaluated
through WCA measurements. Water droplets (8 pL) were care-
fully placed on the sample surfaces, and the droplet profiles
were captured using a digital microscope equipped with
a digital viewer. The contact angles were then quantified from
the acquired images using the angle measurement tool in
Image] software.

3 Results and discussion
3.1 Morphology and structural analysis

3.1.1 Thermogravimetric analysis (TGA). The thermogra-
vimetric analysis (TGA) as presented in Fig. 1a, of the biomass
precursor MK RAW reveals a characteristic two-step thermal
degradation profile over the temperature range of 35 °C to 900 °©
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Fig. 1 (a) TGA of MK Raw; (b) XRD plot, (c) Raman spectra, and (d) FE-SEM image of MK800, and XPS deconvoluted C 1s spectra (e), and O 1s

spectra (f) of MK80O.

C at a controlled heating rate of 10 °C min~'. An initial mass
loss of approximately 9.48% occurs near 200 °C, predominantly
due to the desorption of physically bound moisture. A subse-
quent and more pronounced weight reduction of around
59.34% is observed between 200 °C and 400 °C, and this is
attributed to the thermal decomposition of structural biopoly-
mers, including cellulose, hemicellulose, and lignin inherent in
the biomass matrix. Above 400 °C, the rate of weight loss
markedly decreases, indicating the formation of a more ther-
mally stable carbonaceous structure. The stability of the mate-
rial is confirmed by the absence of further significant mass
changes at temperatures exceeding 800 °C, thereby validating
the choice of 800 °C as the optimal pyrolysis temperature for the
synthesis of CNS.*

3.1.2 X-ray diffraction (XRD) and Raman analysis. X-ray
diffraction (XRD) is an essential technique for determining
the structural organization of materials. The graphitic character
and the creation of highly ordered CNS are responsible for
unique diffraction peaks (26 = 24° and 43°) in the XRD pattern,
which correspond to the (002) and (101) planes (Fig. 1b).**

The Raman spectrum of the synthesized CNS exhibits two
prominent peaks corresponding to the D and G bands are
located at 1343.59 ecm ™" and 1600.81 cm ™' (Fig. 1c). The Ay,
mode of vibration is attributed to the disordered and structural
defects arising from the sp*-hybridized carbon, which is repre-
sented by the D band. The E,; mode of vibration is attributed to
the splinked carbon atoms in a graphitic layer, which is rep-
resented by the G band. The I/l ratio was found to be =0.84,
indicating a moderately ordered graphitic structure with the
presence of structural defects.**

3.1.3 FE-SEM, TEM analysis, and porosity studies. The
morphology of the synthesized MK800 was analyzed by FESEM

6918 | RSC Adv, 2026, 16, 6915-6930

(Fig. 1d), which revealed the presence of spherical carbon
nanoparticles with minor surface irregularities, likely contrib-
uting to their tendency to aggregate. The average particle size of
MK800 was estimated to be approximately 60-70 nm. EDS
analysis confirmed carbon as the predominant element
(83.9%), accompanied by oxygen (10.4%), and trace amounts of
potassium (4.0%), phosphorus (1%), and magnesium (0.6%), as
shown in Fig. S1. TEM imaging (Fig. S2) further validated the
spherical morphology, providing a closer view of the overall
structural consistency.

The surface area and porosity of MK800 were evaluated
through N, adsorption-desorption isotherm analysis at 77 K
(Fig. S3a). The isotherm exhibited type IVa characteristics with
a pronounced hysteresis loop, confirming a mixed micro- and
mesoporous structure. MK800 showed a high specific surface
area of 1090.2 m” g ' and a total pore volume of 0.5 cm® g~ .
The pore size distribution was determined using the Barrett-
Joyner-Halenda (BJH) method (Fig. S3b), revealing an average
pore diameter of approximately 1.9-2.0 nm, suggesting meso-
porous nature of the materials which has been reported in our
previous study.*

3.1.4 X-ray photoelectron spectroscopy (XPS) analysis. X-
ray photoelectron spectroscopy (XPS) analysis of MKS800
provides valuable insights into its surface composition and
chemical functionality. The survey-scan XPS spectrum (Fig. S4)
displays two dominant peaks corresponding to carbon (C 1s at
285 eV) and oxygen (O 1s at 533 eV), confirming the presence of
only carbon- and oxygen-containing species. The high-
resolution C 1s spectrum (Fig. le) reveals multiple deconvo-
luted peaks at 285.0, 286.0, 286.9, 288.0, and 289.1 eV. These are
assigned to C-C/C=C, C-0, C-O-C, C=0, and m-n* shake-up
satellite transitions, respectively, indicating the coexistence of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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both sp” and oxygenated carbon species on the surface.?® The
corresponding O 1s spectrum (Fig. 1f) exhibits four distinct
peaks at 531.1, 532.3, 533.3, and 534.3 eV which are attributed
to C=0, C-0, O-C=0, and -OH functionalities, respectively.*
The relative intensities of the C 1s and O 1s peaks further
suggest a surface rich in carbon with significant oxygen-
containing functional groups, which can play a crucial role in
influencing the nanomaterial's reactivity and interaction with
its environment.
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Fig. 2 Open-circuit potential (OCP) versus time curves for mild steel
in 1 M HClin the absence and presence of different concentrations of
MK800 at 308 K.
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3.2 Electrochemical studies

3.2.1 Open circuit potential. OCP measurements serve as
a fundamental, non-invasive technique to assess the thermo-
dynamic tendency of a metal surface to undergo corrosion in
a given environment. The evolution of OCP over time offers
insight into the electrochemical stability of the system and the
interaction of inhibitor molecules with the metal surface.*®
Prior to PDP or EIS, recording OCP ensures the system reaches
quasi-equilibrium, which is essential for reliable interpretation
of further electrochemical data.*® OCP measurements were
employed to investigate the time-dependent electrochemical
behavior of MS in 1 M HCI, with and without the addition of
MKS800, a biomass-derived CNS inhibitor.

The OCP was recorded for 400 s, as a quasi-steady state was
achieved within this time and no significant change in potential
was observed thereafter. As shown in Fig. 2, the OCP curves
exhibited a stable trend over this period, indicating the attain-
ment of quasi-equilibrium conditions and the absence of
passivating oxide film formation. In the presence of MK800, the
OCP exhibits only a slight positive shift, whereas the blank
shows a more pronounced increase, indicating that MK800 acts
as a mixed-type inhibitor by simultaneously suppressing anodic
metal dissolution and cathodic hydrogen evolution without
significantly altering the corrosion mechanism.* The slight
variations in OCP observed with the change in inhibitor
concentration are attributed to the gradual equilibration of the
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Fig.3 Tafel polarization plots for mild steelin 1 M HCl at different concentrations of MK80O recorded at (a) 298 K, (b) 303 K, (c) 308 K, and (d) 313

K.
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metal-electrolyte interface and the progressive adsorption of
MK800 molecules. The enhanced OCP stability at higher
concentrations, particularly at 800 ppm, suggests the formation
of a uniform and protective adsorbed layer on the mild steel
surface.

3.2.2 Potentiodynamic polarization measurements. The
electrochemical performance of MK800, a biomass-derived
carbon nanospheres inhibitor, was assessed through PDP
studies. PDP tests were performed on MS specimens immersed
in 1 M HCI, with varying concentrations of the MK800 inhibitor
ranging from 50 to 800 ppm, and at different temperatures
between 298 K and 313 K. As shown in Fig. 3, the polarization
curves reveal a substantial decline in both anodic and cathodic
current densities upon the addition of MK800, indicating
suppression of both metal dissolution and hydrogen evolution
reactions. The corrosion current densities were quantified using
the Tafel extrapolation method, and corrosion inhibition effi-
ciency was calculated using the standard equation based on the
difference between uninhibited and inhibited current densities
(eqn (3)).*”** Increasing MK800 concentration from 50-800 ppm
enhanced the inhibition efficiency, suggesting a concentration-
dependent surface coverage effect. Notably, the cathodic
branches of the Tafel plots remained nearly parallel across all
concentrations, implying that MK800 functions via a mixed-
type inhibition mechanism without altering the reaction
pathway, consistent with the behaviour of carbon-based inhib-
itors reported in literature.>**®

The polarization curves show a gradual decrease in corrosion
current density (icory) With increasing MK800 concentration
relative to the uninhibited solution, indicating improved
corrosion resistance of MS due to the formation of a surface-
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protective layer. The consistent shape of both the anodic and
cathodic branches across all temperatures and MK800
concentrations suggests that the core corrosion processes: iron
oxidation at the anode and hydrogen evolution at the cathode,
remain fundamentally unaltered. This invariance in Tafel slope
geometry further confirms that MK800 does not significantly
influence the kinetics or mechanisms of electrochemical half-
reactions. According to literature survey, a shift in corrosion
potential (E..,) exceeding =+85 mV typically indicates
a predominantly anodic or cathodic inhibition mechanism.
However, if the shift remains within £85 mV, the inhibitor is
categorized as exhibiting mixed-type behavior.” In this study,
Ecorr shifts remain below £85 mV across the temperature range,
confirming the mixed-type inhibition nature of MK800.

The key electrochemical parameters, such as E.q,r, cOrrosion
current density (icorr), anodic and cathodic Tafel slopes (+3, and
—B.), corrosion rate (CR), and inhibition efficiency (n%), were
extracted by extrapolating the Tafel lines and are summarized in
Table 1. In the absence of the inhibitor, E..,, shifts positively
with increasing temperature, highlighting thermal effects on
corrosion kinetics. Meanwhile, the addition of MK800 leads to
a noticeable decline in both 7., and CR values, with increasing
inhibitor concentration enhancing the inhibition efficiency.
The MKS800 inhibitor demonstrates increasing effectiveness
with rising concentration and temperature, achieving
a maximum inhibition efficiency of approximately 83.8% at
800 ppm and 313 K. The observed decrease in the corrosion rate
(CR) without a significant shift in the corrosion potential (Ec,)
upon the addition of MK800 indicates that the inhibitor
exhibits the characteristic behavior of a pickling-type inhibitor.*

Table 1 Tafel parameters for MS in 1 M HCl medium at different concentrations and temperatures

Temp. (K)  Conc. of MK800 (ppm)  Ecorr (V) leorr (107°)(Aecm™?) —B.(mVdec™™)  +8,(mvdec’) CR(mpy) IE (%)
298 Blank —-0.5139  184.2 163.96 131.85 833.6 —
50 —0.4919  119.2 154.96 119.74 539.4 35.3 + 0.58
100 —0.4849 96.2 141.24 91.00 435.4 47.8 £ 0.91
200 —0.4945 64.5 119.67 96.64 292.0 65.0 + 1.22
400 —0.4962 51.4 119.24 98.56 232.6 72.1 + 1.56
800 —0.4991 39.8 107.96 93.20 179.9 78.4 + 1.16
303 Blank —0.4856  206.3 160.82 124.25 933.7 —
50 —-0.4767  125.3 131.56 108.51 567.1 39.3 +0.93
100 —-0.4935  103.1 132.85 110.50 466.5 50.0 + 1.59
200 —0.5016 70.9 136.85 113.43 325.2 65.7 + 1.40
400 —0.5402 56.4 131.35 121.55 255.3 72.7 £ 0.97
800 —0.5444 43.0 125.09 115.83 194.6 79.2 + 1.19
308 Blank —-0.4852  254.2 169.69 137.15 1150.0 —
50 —0.4853  141.4 132.11 108.04 639.8 44.4 + 0.70
100 —-0.4932  119.8 155.40 113.08 542.4 52.9 + 1.03
200 —0.5067 84.1 130.27 100.32 380.6 66.2 + 1.48
400 —0.4858 61.4 122.15 99.76 277.8 75.9 & 1.44
800 —0.4897 48.7 112.23 101.97 220.2 80.9 + 1.52
313 Blank —0.4809  305.2 164.74 134.03 1382.0 —
50 —0.4878  144.9 147.31 106.68 655.8 52.5 + 1.43
100 —0.4858  140.2 130.89 95.84 639.7 54.1 + 1.51
200 —0.4780 96.9 130.68 97.75 438.5 68.3 + 1.83
400 —0.4839 74.4 125.62 112.09 336.7 75.6 + 0.87
800 —0.4860 49.3 115.99 89.57 223.1 83.9 + 1.61
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The obtained results reveal that MK800 effectively inhibits
the corrosion of MS in 1 M HCI by occupying active sites on the
surface and promoting the development of a protective film.
This adsorbed layer impedes the interaction between the metal
and the corrosive medium, thereby reducing the rate of
electrochemical processes.**

3.2.3 Electrochemical impedance spectroscopy. EIS was
employed to evaluate the corrosion behaviour of MS in 1 M HCI
at various MK800 inhibitor concentrations (50-800 ppm) and
temperatures (298-313 K), as shown in Fig. 5. The impedance

View Article Online

RSC Advances

results were found to be in good agreement with those obtained
from PDP measurements, confirming the consistency of the
electrochemical data. Nyquist plots for the blank and inhibited
systems display a single depressed capacitive semicircle in both
cases, typical of charge transfer-controlled corrosion processes.
The depressed nature of the semicircles is commonly associated
with surface heterogeneity, roughness, and non-uniform
adsorption of the inhibitor on the metal surface.**** The
diameter of the semicircles increases with inhibitor concen-
tration at all studied temperatures, indicating enhanced
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Fig. 4 Effects of varying concentration of MK800 and temperature of the media on corrosion parameters: (a) icorr, (b) CR, and (c) inhibition

efficiency (IE%).

-60+ —=a— Blank
(a) —e—50 ppm
-50 1 —A— 100 ppm
—v— 200 ppm
-40 400 ppm
K 40 —<— 800 ppm
E =301
=
-~ -204
N
-10
0-
0 10 20 30 40 50 60
7' (Q cmz)
-40 —a— Blank
(c) —e— 50 ppm
—4A— 100 ppm
=304 —¥—200 ppm
—_ 400 ppm
« —<— 800 ppm
5 -20-
G
N =10+
04
0 10 20 30 40
Z' (Q cm?)

-50
—=— Blank
-40 (b) —e— 50 ppm
—4A— 100 ppm
—¥— 200 ppm
=304 400 ppm
S —<— 800 ppm
g
g -20
N -10-
0
0 10 20 30 40 50
7' (Q cmz)
-40
—a&— Blank
(d) —e— 50 ppm
-30 —4— 100 ppm
¥— 200 ppm
400 ppm
i —<4— 800
NE 204 ppm
o
S
- 104
h NN
04
0 10 20 30 40

Z' (Q cm?)

Fig. 5 Nyquist plots for mild steel in 1 M HCl at different concentrations of MK80O recorded at (a) 298 K, (b) 303 K, (c) 308 K, and (d) 313 K.

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2026, 16, 6915-6930 | 6921


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09725h

Open Access Article. Published on 03 February 2026. Downloaded on 6/17/2026 1:13:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

unknown.txt

Model : R(QR) Wgt: Modulus °Z. usd
1662 aps
v oae (5

lter#: 2
Chsq: 9.84E-02

ohm

# of pars with
rel. std. emors
>20%: 0/4
>1000%: 0/4

20 25 30 35 40
Z', ohm

Fig. 6 Fitted impedance plot for mild steel in 1 M HCl containing
200 ppm of MK800 at 303 K, with the equivalent electrical circuit
shown in the inset.

resistance to charge transfer due to the formation of a protective
inhibitor layer. The presence of a single semicircle in the
Nyquist plot suggests that both anodic and cathodic processes
are governed by a common charge-transfer mechanism, indi-
cating mixed-type inhibition behavior.*

To quantitatively interpret the EIS data, an appropriate
equivalent circuit model was fitted based on the shape of the
Nyquist plots and the complexity of the interfacial reactions.
The equivalent circuit used for fitting, a simplified Randles-type
circuit (R(QR)), is shown in the inset of Fig. 6 and was employed
to model both the uninhibited and inhibited systems. The
circuit includes the solution resistance (Ry), polarization resis-
tance (R, - equivalent to charge transfer resistance), and
a constant phase element (CPE) to account for non-ideal
capacitive behaviour, replacing the traditional double-layer

View Article Online
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capacitance (Cgq). Using this model, the key electrochemical
parameters were reliably extracted and are summarized in
Table 2.

The solution resistance (R;) values show only minor varia-
tions with the addition of MK800 and temperature, indicating
that the presence of the inhibitor does not significantly alter the
conductivity of the bulk electrolyte. This confirms that the
observed changes in corrosion behavior mainly arise from
interfacial processes rather than from changes in the solution
properties.

The polarization resistance (R,) was observed to increase
with inhibitor concentration at all temperatures, indicating
enhanced corrosion protection due to the formation of
a protective adsorbed film. A slight decrease in R, with
increasing temperature suggests thermally influenced desorp-
tion of the inhibitor molecules, leading to a partial reduction in
inhibition efficiency. The impedance of the CPE was calculated
using eqn (5),*

Zepe = Yy (o) ™" (5)

where Y, is the admittance constant, w is the angular frequency,
J is the imaginary unit, and n is the phase shift exponent
ranging from 0 to 1. When n = 1, the CPE behaves as an ideal
capacitor.*® The obtained 7 values being lower than unity indi-
cate non-ideal capacitive behavior, which arises from surface
roughness, heterogeneity, and non-uniform distribution of
active sites on the MS surface. The fact that the n values remain
close to that of the blank solution, with only slight variations,
suggests that the interfacial mechanism is preserved and that

Table 2 EIS parameters for MS in 1 M HCl medium at different concentrations and temperatures

Temp. (K) Conc. of MK800 (ppm) R, (Q cm?) n R, (@ cm?) Car (UF cm?) IE (%)
298 Blank 3.599 0.8761 11.71 65.41 —
50 2.077 0.8867 18.08 64.09 35.3 £ 0.43
100 1.867 0.8902 25.87 64.01 54.7 £+ 0.85
200 1.651 0.8492 38.77 62.60 69.8 +1.18
400 2.284 0.8353 46.16 58.52 74.6 £ 0.61
800 1.542 0.7740 55.24 55.68 78.8 = 1.02
303 Blank 2.233 0.8638 9.21 67.57 —
50 1.691 0.9061 16.78 65.27 45.1 £ 0.67
100 2.075 0.8771 26.69 64.91 65.5 £ 0.80
200 1.829 0.8622 33.77 63.06 72.7 £ 0.81
400 2.608 0.7809 40.89 60.14 77.5 £ 0.71
800 1.772 0.7739 45.15 57.05 79.6 = 0.97
308 Blank 2.191 0.8736 7.17 105.10 —
50 3.995 0.897 13.92 72.86 48.5 £+ 1.02
100 3.409 0.8651 22.52 67.12 68.2 £ 0.70
200 2.549 0.9125 26.84 65.50 73.1 £ 0.76
400 1.851 0.8741 32.58 61.73 78.0 = 0.96
800 2.792 0.8868 42.87 58.94 83.3 £1.20
313 Blank 2.491 0.9546 5.11 109.00 —
50 2.406 0.8668 12.58 80.09 59.4 + 0.92
100 2.837 0.8714 16.97 75.85 69.9 + 1.01
200 2.881 0.7901 20.61 73.51 75.2 +1.17
400 3.485 0.7766 29.85 69.47 82.9 £ 1.58
800 2.978 0.6683 39.58 64.82 87.1 £1.48

6922 | RSC Adv, 2026, 16, 6915-6930

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09725h

Open Access Article. Published on 03 February 2026. Downloaded on 6/17/2026 1:13:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

MK800 adsorption does not significantly alter the fundamental
capacitive nature of the interface.
The double-layer capacitance (Cq;) was determined using

eqn (6),
Cdl = YO((Umax)n_ ! (6)

where wp,.x represents the frequency at which the imaginary
component of impedance is maximum. A consistent decline in
Cq with increasing MK800 concentration was observed, indi-
cating a thicker electrical double layer at the metal-electrolyte
interface. This reduction is attributed to the effective inhibitor
adsorption of inhibitor molecules, which displace water mole-
cules and other ions, leading to a decrease in the local dielectric
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constant and the formation of a protective adsorbed layer.*” In
contrast, for a given MK800 concentration, Cyq, increases with
temperature, which can be attributed to enhanced mobility and
rearrangement of the inhibitor molecules at the metal-
electrolyte interface.

The inhibition efficiency was calculated from the R, values
using eqn (4), further supporting the protective action of MK800
through its effective adsorption onto the MS surface in the acidic
environment. The corresponding inhibition efficiencies ranged
from 35.3% to 87.1% in 1 M HCI, confirming the concentration-
dependent protective effect of MK800 on the MS surface.

The Bode plots (Fig. 8) for MS in 1 M HCI reveal a notable
increase in phase angle with rising concentrations of MK800.
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Fig. 7 Effects of varying concentration of MK800 and temperature of the media on corrosion parameters: (a) R, (b) Cq. and (c) inhibition

efficiency (IE %).
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This trend, also summarized in Table 2, indicates a progressive
reduction in capacitive behaviour at the metal-electrolyte
interface, which is associated with a lower rate of metal disso-
lution. The polarization resistance (Rp), estimated from the
difference between the high-frequency (HF) and low-frequency
(LF) regions of the Bode plots, was observed to increase with
inhibitor concentration. This rise in R, suggests enhanced
surface protection due to a combination of suppressed metal
dissolution and improved passivation, along with increased
electrical resistance of the inhibitor film at the interface.*®

The influence of inhibitor concentration and temperature on
corrosion performance reveals key mechanistic behavior of
nanoparticle-based systems. An increase in CNS concentration
(50-800 ppm) resulted in improved surface coverage and inhi-
bition efficiency, supported by both EIS and PDP measure-
ments, which can be attributed to increased adsorption and the
formation of a more uniform protective film.* Similarly, the
impact of temperature presents a dual-effect phenomenon.
Higher temperatures increase the kinetic energy of ions in
solution, enhancing their diffusion toward the metal surface
and thus accelerating corrosion processes.’® This trend is typi-
cally reflected by a decrease in polarization resistance (R;,) (from
298-313 K) (Fig. 7a). However, elevated temperatures also
improve the mobility and diffusivity of inhibitor molecules,
enabling better access to the metal surface, thereby facilitating
stronger adsorption and leading to improved surface coverage
in the electrochemical system.** This observation is supported
by the increase in inhibition efficiency with rising temperature
across all concentrations (Fig. 4c and 7c). These findings
highlight the critical role of both inhibitor concentration and
temperature of the experimental system in governing the
stability and efficacy of the protective film.

For comparative evaluation, Table 3 summarizes the corro-
sion inhibition efficiency of CNS (MK800) alongside those re-
ported in the literature for other carbon-based nanomaterials.

3.3 Adsorption isotherm and thermodynamic studies

Numerous studies have demonstrated that the inhibitory
performance of corrosion inhibitors is primarily attributed to
their adsorption on the metal surface. Accordingly, adsorption
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isotherm analysis offers essential insight into the nature and
strength of the interactions between inhibitor molecules and
the MS surface. To elucidate the adsorption behaviour of
MKS800 on MS, several isotherm models were evaluated,
including the Langmuir, Temkin, and Freundlich models. The
surface coverage (f) (from eqn (7)) was calculated using inhi-
bition efficiencies obtained from Tafel polarization measure-
ments across various inhibitor concentrations. These # values
were then fitted to the respective adsorption models to assess
the adsorption mechanism.

Graphical evaluation of the adsorption data is presented in
Fig. 9a—c, corresponding to Langmuir, Freundlich, and Temkin
plots, respectively. Among these, the Langmuir isotherm
provided the best linear fit, as evidenced by the near-unity slope
in the Cinn/6 versus Cinn plot (Fig. 9a) and a correlation coeffi-
cient (R*) approaching 1. This suggests that MK800 adsorption
onto the MS surface adheres to the Langmuir model, which
assumes homogeneous surface adsorption with identical
energy sites and monolayer coverage, without lateral interaction
among adsorbed molecules.®***

Con 1

0 X + Cinn (7)

In the Langmuir model, Cj,,, denotes the inhibitor concen-
tration, 6 represents the fraction of surface coverage, and X is
the equilibrium adsorption constant. The value of K was
determined from the intercept of the linear plot and was
subsequently used to compute the standard free energy of
adsorption (AG, ) via the following relation:

AG,, = —RT In(K x 55.5) (8)

Here, R is the universal gas constant, T is the temperature in
Kelvin, and 55.5 is the molar concentration of water in the
solution (mol L™"). The magnitude and sign of AG,,, provide
insight into the nature of the adsorption process. It is widely
accepted that values around —20 kJ mol ' indicate phys-
isorption, while values approaching —40 kJ mol ' suggest
chemisorption.®** As reported in Table 3, the AG, 4, values for
MK800 are close to —20 k] mol ™, implying that the inhibition

Table 3 Comparison of the corrosion inhibition efficiency of CNS with other carbon-based nanomaterials reported in the literature in HCl

medium

Conc. of Temp. of the Inhibition
Nanoparticles inhibitor used Medium Metal used medium efficiency References
NiO-modified activated carbon NA 1 M HCI Mild steel 298 K 38.59% 52
Mixed metal oxides (Cu,Zn, NiO) 500 ppm 0.1 M HCl Mild steel 298 K 80% 53
NPs/rGO
Polyaniline tannate (PANI-TA) 75 ppm 1 M HCI Mild steel 298 K 90.6% 54
modified functionalized CNT
Chitosan-based CDs 40 ppm 1 M HCI Mild steel 298 K 97.4% 55
N-CDs 200 ppm 1 M HCI Q235 steel 298 K 90% 56
Biomass-derived CQDs 200 ppm 1 M HCI Q235 steel 298 K 95.98% 57
Biomass-derived CQDs 500 ppm 1 M HCI Mild steel 303 K 90.9% 58
Biochar 200 ppm 1 M HCI Mild steel 303 K 80.2% 59
Biomass-derived CNS (MK800) 800 ppm 1 M HCI Mild steel 313K 87.1% Present work
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Fig. 9 Adsorption isotherms: (a) Langmuir, (b) Freundlich, and (c) Temkin isotherm plots for MK800 on MS in 1 M HCL

mechanism primarily involves spontaneous physical adsorp-
tion of the inhibitor molecules onto the MS surface.

The thermodynamic parameters associated with the
adsorption of MK800 on MS were further evaluated by calcu-
lating the standard enthalpy (AH,,) and entropy (AS,4) of
adsorption using eqn (9). A linear plot of AG,,, versus temper-
ature (7), shown in Fig. 10, was used for this analysis. The slope
and intercept of this plot provided the corresponding values of
AH, 4 and AS,,,, as summarized in Table 4. The positive value

-16.0-
7 -16.44
=
(=)
g
-16.8-
=
N
F
o ¥ 1724
Q
3
17.64
300 305 310 315
T (K)

Fig. 10 Adsorption plot of AG,,
inhibitor in 1 M HCL.

s vs. T for MS in the presence of

© 2026 The Author(s). Published by the Royal Society of Chemistry

of AH,,, (16.387 kJ mol ') indicates that the adsorption of
MKB800 onto the steel surface in 1 M HCI is an endothermic
process,** suggesting increased inhibitor adsorption with rising
temperature.

AG;ds = AI_I;ds - TAS:ds (9)

3.4 Effect of temperature and kinetic studies

To investigate the temperature-dependent kinetics of MS
corrosion in 1 M HCI, PDP measurements were performed in
both inhibited and blank solutions over the temperature range
of 298-313 K. The results revealed that the corrosion rate
increased with rising temperature in both media, likely due to
reduced hydrogen overpotential, while increasing concentra-
tions of MK800 significantly suppressed the corrosion rate. To
gain further insight into the corrosion mechanism, the Arrhe-
nius equation was applied to evaluate the activation energy (E.)
of the corrosion process:

E,
RT

In(CR) =B (10)
where CR is the corrosion rate, B is the Arrhenius pre-
exponential factor, R is the universal gas constant, and T is
the absolute temperature.

A plot of In(CR) versus 1/T (Fig. 11a) produced a straight line
whose slope (—E./R) was used to calculate the activation energy
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Table 4 Thermodynamic parameters measured for 1 M HCl
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Temp. (K) AG 4 (k] mol™) R* Slope AH 4 (k] mol™) AS4 (k] mol ™" K ™)
298 —16.101 0.99953 1.1696
303 —16.646 0.99956 1.1725 16.387 —0.1090
308 —-17.191 0.99944 1.1559
313 —17.736 0.99713 1.1271
837 Blank 25
[ ] an Ik 1 Blank
8.0 (a) ® 50 ppm (b) ® 50 ppm
: A 100 ppm .:“‘ 2.0 A 100 ppm
. v 200 ppm W v 200 ppm
- 7.51 400 ppm - ¢ 400 ppm
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2 70 -\n\.\. g"
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Fig. 11 (a) In(CR) vs. (1/T) plot (Arrhenius plot), and (b) In(CR)/T vs. (1/7) plot (Transition state equation) for MS in studied concentrations and

temperature in 1 M HCL

values at different inhibitor concentrations (Table 5). These
results indicate that the inhibitor promotes effective surface
coverage, thereby suppressing the corrosion process and
contributing to improved metal stability at higher
temperatures.*>*°

Additionally, the transition state theory was employed to
compute the activation enthalpy (AH,) and entropy (AS,) using
the following equation:

RT AS, AH,
CR = mexp( R )exp( RT)
where N is Avogadro's number and % is Planck's constant. The
linear plot of In(CR/T) against 1/T (Fig. 11b) yielded slopes and
intercepts from which AH, and AS, were extracted. The positive

enthalpy values confirm that the dissolution of MS is endo-
thermic in nature. Meanwhile, the large negative AS, values

(11)

Table 5 Activation parameters (E;) measured for the MS in 1 M HCl
before and after the addition of the MK80O inhibitor

Conc. MK800 E, AH, AS,

(ppm) (k] mol ) (kJ mol ™) (J mol ' K™Y
Blank 26.674 24.141 —108.203

50 10.957 8.423 —164.370
100 20.160 17.626 —135.485
200 21.304 18.770 —134.843
400 18.437 15.903 —146.407
800 11.940 9.405 —170.116

6926 | RSC Adv, 2026, 16, 6915-6930

observed in both inhibited and uninhibited systems suggest
a highly ordered activated complex, consistent with an asso-
ciative mechanism where reactant molecules lose degrees of
freedom as they transition to the activated state.®”*®

These thermodynamic parameters collectively support the
proposed adsorption mechanism of MK800 on the MS surface
and affirm the efficacy of MK800 as a temperature-stable,
surface-active corrosion inhibitor.

3.5 Surface characteristics

3.5.1 SEM-EDS analysis. Fig. 12a-c represents the SEM
micrographs illustrating the surface morphology of MS speci-
mens under varying corrosive conditions. Fig. 12a corresponds
to the freshly polished specimen, revealing a uniform and
defect-free surface with discernible grinding lines from pre-
treatment. Upon exposure to a 1 M HCI solution, severe
surface degradation, which is evident in Fig. 12b, characterized
by extensive pitting, cracks, and localized dissolution, is
attributable to the aggressive chloride ions. The observation is
consistent with previous corrosion studies in acidic media.*
However, the introduction of 800 ppm of the synthesized
inhibitor significantly mitigates corrosion, as shown in Fig. 12c;
the surface exhibits a marked reduction in roughness and
defect density, indicating effective surface protection. Comple-
mentary EDS analysis (Fig. S5a-c) (Table 6) revealed a substan-
tial increase in carbon signals in the inhibited sample,
suggesting the formation of an adsorbed inhibitor film.”
Furthermore, a higher percentage of iron and a lower

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.12 SEMimages (a—c), Optical profilometer images (d—f), and Water contact angle measurements (g—i
MS samples, respectively.

Table 6 The atomic composition from EDS analysis

Samples Atomic composition (%)

MS Al P Mn Si O C Cl Fe
Bare 0.09 0.1 0.18 09 0.62 2.04 — 96.16
1 M HCL — - — — 2437 0.78 25.18 49.67
1 M HCI + MK800 — - — — 31.83 8.59 2.98 56.60

percentage of chlorine on the surface in the inhibited specimen
compared to the acid-only sample indicated lower material loss
and better substrate preservation.”

3.5.2 Optical profilometry. Fig. 12d-f illustrates the surface
topography of MS specimens subjected to 1 M HCI immersion,
as analyzed by optical profilometry (OP). The polished MS
surface (Fig. 12d) exhibits uniformity with minimal height
variation, while Fig. 12e reveals significant surface deterioration
due to acid exposure, manifested as deep valleys and

Table 7 Roughness parameters from the optical profilometer

Specimens R, (um) Ry (um)
MS polished 0.8786 1.113
MS in 1 M HCI 3.777 5.482
MS in 1 M HCI + MK800 1.784 2.284

© 2026 The Author(s). Published by the Royal Society of Chemistry

(i) o x 17o
R = 66.86°

A

) of polished, uninhibited, and inhibited

pronounced peaks, hallmarks of corrosive attack and the
formation of corrosion products.”” Remarkably, the introduc-
tion of 800 ppm of MK800 inhibitor resulted in substantial
improvement in surface uniformity, as seen in Fig. 12f. Quan-
titative assessment of roughness parameters (Table 7) revealed
that average roughness (R,) and root mean square roughness
(Ry) values were markedly reduced in the inhibited sample
compared to the acid-only condition, confirming the presence
of a protective inhibitor film. This protective film restricts
access of corrosive ions to the metallic substrate, thereby
minimizing surface damage. Furthermore, these results are
corroborated by EDS and SEM analyses, which indicate
a notable retention of surface integrity and elemental unifor-
mity under inhibited conditions. The findings underscore the
potential of carbon-based inhibitors in altering the corrosion
morphology by reducing surface roughness and mitigating acid-
induced topographical degradation.

3.5.3 Water contact angle measurement. WCA measure-
ments were employed to evaluate changes in the surface
wettability of MS in acidic media, as illustrated in Fig. 12g-i.
The freshly polished MS exhibited a relatively high contact
angle of 72.12°, indicating a moderately hydrophobic surface
(Fig. 12g). Upon immersion in the uninhibited (blank) acidic
solution, the contact angle significantly decreased to 53.97°,
reflecting enhanced surface hydrophilicity due to corrosion-
induced roughening and surface degradation (Fig. 12h).” In
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contrast, the presence of the inhibitor MK800 at a concentration
of 800 ppm resulted in a notable increase in contact angle to
64.17°, suggesting a reduction in surface wettability (Fig. 12i).
This improvement in hydrophobic character is attributed to the
physical adsorption of MK800 molecules and the formation of
a protective surface film. Although the contact angles remain
below 90°, indicating that the surfaces are not fully hydro-
phobic, the increase observed with MK800 implies a less
hydrophilic interface compared to the uninhibited condition.
These observations affirm the ability of MK800 to form a passive
layer on the MS surface, thereby enhancing corrosion resistance
through reduced wettability and effective surface coverage.

4 Plausible corrosion inhibition
mechanism

It is well established that, MS surfaces acquire a net positive
charge when exposed to hydrochloric acid, primarily due to iron
dissolution via the anodic reaction (eqn (12)) and the adsorp-
tion of hydronium ions on the metal surface, where they react
with electrons to evolve hydrogen gas through the cathodic
reaction (eqn (13)).**

Fe(s) d FC(Z;U + 2e”

(12)
(13)

In this environment, the inhibitor molecules anchor to the
metal surface by replacing the initially adsorbed water mole-
cules through intermolecular forces such as electrostatic
attraction and van der Waals interactions.” Carbon nano-
spheres, which possess graphitic character with partially delo-
calized m-electrons, exhibit strong noncovalent interactions
with the positively charged MS surface via electrostatic phys-
isorption (Fig. 13). These interactions are stabilized through

2H+ +2e — HZ(g)T

.
Van der waals 'y
, .
forces o

Fig. 13 Proposed corrosion inhibition mechanism of MK800.
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metal-7 interactions, whereby the vacant d-orbitals of surface
iron atoms (Fe*'y,) interact with the m-electron clouds of
aromatic domains in the nanoparticles, a well-characterized
electrostatic phenomenon.” Additionally, stacking
among adjacent CNS enhances film cohesion and surface
coverage, reducing the accessibility of the corrosive electrolyte
to the underlying metal.”® The formation of an adsorbed
inhibitor layer effectively suppresses further iron dissolution

TT—TC

and concurrently retards the cathodic hydrogen evolution
reaction,”” confirming the mixed-type nature of the inhibition
mechanism (eqn (14)).

Feg;rf + CNST:-systcm - [Fngrf"'CNsn]ads (14)

Furthermore, the surfaces of carbon nanoparticles often
bear loosely bound hydroxyl (-OH) groups, as evidenced by XPS.
In acidic media, these groups undergo protonation, leading to
hydronium ion formation and desorption from the carbon
surface. This dehydroxylation process results in reduced surface
polarity and increased hydrophobicity, enhancing the forma-
tion of a compact, wat3er-resistant film barrier, as previously
confirmed by WCA measurements.”” The dehydroxylated
surface also promotes stronger -7 stacking, more stable van
der Waals interactions, and improved metal-w binding with the
MS substrate. These synergistic effects result in enhanced
surface coverage (f) and effective physisorption, which are
corroborated by EIS through decreased double-layer capaci-
tance (Cq1) and increased charge-transfer resistance (R).** Since
both the anodic and cathodic reactions are suppressed, MK800
may be classified as a mixed-type inhibitor, as evidenced by PDP
and EIS measurements. Collectively, these phenomena trans-
late into lower electron exchange rates and reduced corrosion
activity.

Electrostatic
interactions

© 2026 The Author(s). Published by the Royal Society of Chemistry
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5 Conclusions

The present study demonstrates that MK800 is an effective
corrosion inhibitor for mild steel in 1 M HCI solution. The
synthesis of MK800 was confirmed through FE-SEM, TEM, XRD,
XPS, and BET analyses, which collectively verified the formation
of porous, spherical graphitic carbon nanostructures. Electro-
chemical investigations revealed that MK800 exhibits mixed-
type inhibition characteristics, significantly suppressing both
anodic and cathodic processes. The inhibition efficiency was
found to increase with both inhibitor concentration and
temperature.  Electrochemical impedance spectroscopy
confirmed the formation of a protective inhibitor layer through
increased polarization resistance and decreased double-layer
capacitance. Adsorption studies indicated that MK800 adheres
to the mild steel surface via a Langmuir adsorption isotherm,
suggesting monolayer coverage and predominantly physical
adsorption (—16.084 to —17.696 k] mol ). Surface character-
ization techniques, including SEM, EDS, optical profilometry,
and contact angle measurements, further substantiated the
presence of an adsorbed protective film, confirming the surface-
active nature of the inhibitor. Collectively, the findings establish
MKS800 as a promising corrosion mitigation agent for mild steel
in acidic environments (HCI), with its inhibition efficiency
governed by adsorption-driven surface passivation.
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