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Keywords Abstract
Magnesium oxide This study investigates the influence of synthesis methodology on the structural u@ft ics
) and corrosion inhibition performance of MgO nanoparticles for carbon steel 65 Mn. Nanopowdgrs were
nanoparticles; synthesized via two contrasting routes: rapid microwave-assisted synthesis (MAS) an@yprotfacted sol-
Microwave-assisted gel synthesis (S-GS). Comprehensive characterization revealed that MAS produce allgr; defect-rich
synthesis; nanoparticles with a higher impurity content, whereas S-GS yielded larger, more @ﬁ\etric particles
with superior phase purity. Corrosion inhibition efficiency was evaluated in 0 and 0.1 M NaCl

Sol-gel synthesis; environments using gravimetric and electrochemical techniques. emical impedance

Carbon steel corrosion; spectroscopy confirmed the formation of a more protective surfac purer S-GS-MgO. The
Corrosion inhibition; results establish a critical structure-property-performance triad; rating that the synthesis
Hlestinosneioal css pathway is a primary design parameter dictating phase purity and pdttiete architecture, which in turn

> govern the dominant inhibition mechanism — from barri% formation in acid to interfacial pH

Nanoparticle morphology. modification in neutral media. The work validates g cri ucture-property-performance triad,

providing a foundational framework for the rational ign§ef nano-inhibitors targeted for specific
corrosive threats.

Highlights
- Synthesis pathway is a decisive design parameter for MgO nano-inhibitors, di@ rning their structure and properties.

- A critical structure—property—performance triad was established, linking $mthegfs toJthe protective mechanism.
- The inhibition mechanism shifts from barrier formation in acid to barrier- assivation via interfacial pH modification in neutral chloride
media.

1. Introduction

Corrosion is not merely a materials degradation processyit is a fundamental thermodynamic recalibration, a relentless
drive of engineered metals to revert to their natural, oxidize@States. This silent war of attrition against metallic infrastructure
costs the global economy trillions annually and pogses\persistent safety and environmental challenges [1]. While the battle has
traditionally been fought with molecular-scale i s — organic compounds and toxic chromates — their efficacy is often
constrained by environmental persistence/Ni stability, and increasing regulatory scrutiny [2, 3]. A paradigm shift is
emerging from the nano-realm, where inorga noparticles are not simply additives but active, multi-functional agents that
redefine the interface between a metal afd its hostile environment [4, 5].

Within this new arsenal, magng oxide nanoparticles present a compelling paradox. As a basic anhydride, MgO is
inherently antagonistic towards ac 0des, yet its nanoscale incarnation offers a unique blend of reactivity and stability that
can be harnessed for protection {{6].4The prevailing literature often treats nano-inhibitors as monolithic entities, reporting
performance metrics without TOlly deconvoluting the intricate interplay between synthetic genesis and ultimate function [7, 8].
This overlooks a critical in nanoscience: a nanoparticle's identity and efficacy are born in the crucible of its synthesis.
The method of creationg rough the rapid, kinetically-controlled chaos of microwave irradiation or the thermodynamically-
guided, deliberate as I-gel chemistry — imprints an indelible signature on particle size, morphology, crystallinity, and
most notably, s ect chemistry and phase purity [9, 10]. These characteristics are not ancillary; they are the very
determinants fi cial behavior, adsorption kinetics, and barrier formation mechanics [11].

This tudy focuses on carbon steel 65 Mn, a medium-carbon, manganese-enhanced spring steel widely employed in
demanding anical applications such as high-stress springs, railway components, and agricultural tools due to its favorable
com f strength, toughness, and wear resistance. However, its operational environments often involve exposure to acidic
condenSates, industrial atmospheres, or chloride-containing media, making it susceptible to both uniform and localized corrosion.
Investigating the efficacy of nano-inhibitors on this technologically relevant alloy therefore bridges a critical gap between
fundamental nanoparticle design and practical corrosion mitigation in industrial sectors where material failure carries significant
economic and safety consequences.

The current narrative on nano-MgO inhibitors frequently focuses on a single synthesis route or a binary performance
outcome, leaving a significant knowledge gap regarding a direct, causal comparison of how fundamentally different synthetic
philosophies manifest in corrosion inhibition mechanisms [12, 13]. Does the ultrafine, defect-rich landscape of a microwave-
synthesized nanoparticle, potentially riddled with metastable phases and impurities, confer an advantage through higher surface
energy and reactivity? Or does the larger, more stoichiometric and ordered particle produced by sol-gel methods provide a
superior, more stable physical barrier? The answer is not monolithic and likely depends on the electrochemical nature of the
threat — be it the proton-driven assault of acidic media or the insidious, localized attack chloride ions orchestrate in neutral
environments [14, 15].
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This study posits that the choice of synthesis pathway is a primary design parameter, not merely a preparatory step. We
argue that to truly engineer an effective nano-inhibitor, one must first engineer its creation. To test this hypothesis, we deliberately
orchestrated a confrontation between two contrasting synthetic philosophies: the rapid, energy-dense microwave-assisted
synthesis and the protracted, solution-based equilibrium of sol-gel synthesis. We then subject the resulting MgO nanopowders
to a rigorous multi-modal interrogation — linking their structural fingerprints from XRD and TEM directly to their performance
metrics in both acidic and neutral chloride environments through gravimetric and advanced electrochemical techniques.

This work moves beyond the conventional report of inhibition efficiency. It seeks to establish a structure-property-
performance triad for MgO nano-inhibitors, providing a foundational framework for the rational selection and design of
nanomaterials for targeted corrosion protection. By dissecting how synthesis-induced differences in phase purity and particle
architecture dictate protective mechanisms — from barrier formation to potential interfacial pH modification — we aim to
contribute a more nuanced, intellectually sophisticated blueprint for the next generation of corrosion inhibitors.

2. Experimental section : (b

2.1. Materials e
Carbon steel (CS) 65 Mn with the composition, presented in Table 1, was used for the studies

2.1.1. Preparation of steel samples for corrosion studies 0

Square test coupons with surface areas of 1 cm? and 0.25 cm? were employed for weight loss measurements and
electrochemical analyses, respectively. Prior to experimentation, the exposed surfaces of the carbon steel coupons were
mechanically ground using a sequence of emery papers with progressively finer grit sizes P 400, P800, P 1000 (ISO 6344). This
preparatory grinding procedure was implemented to standardize the surface condition, thereby mitigating its potential influence
on the assessment of corrosion inhibition performance. It is imperative to note that the duration and applied pressure during the
grinding process were maintained as consistent as possible across all specimens to ensure unlformlty in surface preparation.

2.1.2. Preparation of magnesium oxide nanopowders (MgO) ’»
In this investigation, MgO nanoparticles were synthesized by two method& wave-assisted synthesis (MAS) and sol-
gel synthesis (S-GS).

2.1.3. Microwave-Assisted Synthesis of MgO nanoparticles

MgO nanoparticles were synthesized via a microwaye-#ssisfed method. Magnesium nitrate hexahydrate
(Mg(NO:s)2-6H20) was employed as the precursor. A quantity of ﬁhe specified salt was dissolved in 100 ml of deionized
water under constant stirring for 30 minutes (0.1 M prec sor@i n). A 0.1 M sodium hydroxide (NaOH) solution was
subsequently added to the obtained clear precursor solftio ing in the immediate formation of a white suspension,
indicative of the precipitation of an intermediate product. resulting suspension was subjected to microwave irradiation for a
duration of 15 minutes. Upon completion of the reactjon, thegproduct was centrifuged for 10 minutes at 3000 rpm. The white
precipitate was collected and repeatedly washed with ‘deionized water and ethanol until a neutral pH (=7) was attained to ensure
the complete removal of ionic impurities. The ft g0 nanoparticles were obtained by thermal treatment of the purified
precipitate in a muffle furnace at 400 °C fo , followed by a 5-minute dwell time at room temperature.

2.1.4. Sol-Gel Synthesis of MgO nano, tlcles

MgO nanoparticles were synt d via a sol-gel method. Magnesium nitrate hexahydrate (Mg(NOs).:6H20) was
employed as the precursor. A quantlt g of the salt was dissolved in 100 ml of deionized water under constant stirring to
obtain a clear 0.1 M precursor sgluti he 0.1 M NaOH solution was then added to the precursor solution, leading to the
immediate formation of a whm sion (sol). The suspension was continuously stirred for 5 hours to facilitate the aging
process and complete gel fomma Following the aging process, the product was centrifuged for 10 minutes at 3000 rpm. The
resulting precipitate was ggllected and sequentially washed with deionized water and ethanol until a neutral pH (=7) was achieved
al of reaction by-products and ionic impurities. The final stage of MgO nanoparticles synthesis was

to ensure the complet
accomplished througll the¢rmal treatment of the purified precipitate in a muffle furnace. Calcination was performed at a
temperature of 400 or 4 hours, followed by a dwell time of 5 minutes at room temperature

2.1.5. Prepaf(ﬁlb{t of corrosion inhibitor suspensions

. Corrosion inhibitor suspensions were formulated by dispersing magnesium oxide nanopowders in distilled water. The
application of the inhibitors onto the carbon steel substrates was performed via a cotton swab to ensure a consistent coating,
followed by air-drying under laboratory atmosphere.

2.1.6. Preparation of corrosive media

This study utilized three distinct corrosive media. Electrochemical analyses were conducted in 0.1 M hydrochloric acid
(HCI) and 0.1 M sodium chloride (NaCl) solutions. Conversely, weight loss assays were performed in an acidic mixture
comprising 67% nitric acid (HNOs), 35% hydrochloric acid (HCI), and double-distilled water in a 3:2:5 volume ratio. All
chemical reagents were sourced from Sigma-Tec (Russia) and were employed without further purification.

2.2 Methods of analysis

2.2.1. Granulometry

The particle size distribution of MgO nanopowders was determined via laser diffraction analysis using a SALD-7101
nanoparticle size analyzer (Shimadzu, Japan). This technique operates on the principle of static light scattering, wherein a sample
dispersed in a liquid medium is exposed to a semiconductor laser beam (wavelength A=375 nm) [16]. The angular dependence
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of the scattered light intensity was detected by a multi-element photodetector array. For analysis, a powder sample was dispersed
in distilled water, which served as the dispersant liquid, within a flow cell. To ensure deagglomeration and a monodisperse state,
the suspension was subjected to ultrasonic treatment for five minutes prior to measurement.

2.22.TEM
Transmission electron microscope (TEM) (JEOL JEM-2100F, Japan), operated at an accelerating voltage of 200 kV,
employed to investigate the granulometry and morphology of MgO nanoparticles [17].

2.2.3. X-Ray Diffraction
The phase composition and crystal structure of the magnesium oxide nanopowders were characterized by X-ray
diffraction (XRD). The measurements were performed using a Shimadzu XRD-7000 diffractometer (Shimadzu Corporation,
Japan) operated with Cu Ko radiation (A = 1.54056 A) generated by a copper anode X-ray tube [18]. The acquired diffraction
patterns were used for phase identification by comparison with reference patterns from the ICDD (International Centre for
Diffraction Data) JCPDS PDF-2 database. . Ov
A

2.2.4. Weight loss measurements

Gravimetric analysis, a standard method for evaluating material degradation, was employed to assess the corrosion
resistance of carbon steel coupons [19]. This technique involves monitoring mass loss of specimens exposed to an aggressive
environment over a defined period. Accelerated corrosion testing was conducted in an acidic solution of HNOs:HCI:H2O (3:2:5
volume ratio), with the mass of the CS coupons measured at five-minute intervals to track degradation lgnetics.

The average corrosion rate (7) was calculated from the following Eq. (1): X
where my is the mass of the sample before corrosion, m; is the mass of the sample after corrosion, and ¢ is the time at which
corrosion occurs, S is the surface area of steel specimens (1 cm?).

The corrosion inhibition efficiency of the corrosion inhibitor was calculated K

X,

where vy represents the average corrosion rate of the uninhibited CS control specimen, and v; denotes the average corrosion rate
of the CS specimen with the corrosion inhibitor. &

2.2.5. Electrochemical analysis .

Electrochemical measurements were conducted using a CS310 Potentiostat/Galvanostat electrochemical workstation
(CorrTest Instruments, China) in accordance with standard potentiodynamic polarization techniques [20]. A conventional three-
electrode electrochemical cell, fabricated from Pyrex glass, was employed for all experiments. The cell configuration consisted
of a prepared carbon steel specimen (exposed surface area S = 0.25 cm?) as the working electrode, a saturated silver chloride
(Ag/AgCl) electrode as the reference electrode, and a second Ag/AgCl electrode serving as the auxiliary electrode. The
electrolytes were 0.1 M HCI and 0.1 M NaCl solutions.

Prior to polarization, the working electrode was immersed in the electrolyte for 600 seconds to allow the open circuit
potential (OCP) to stabilize. Potentiodynamic polarization curves were subsequently recorded by scanning the potential from -
0.3 V to +0.3 V versus the OCP at a constant scan rate of 10 mV/s.

The corrosion inhibition efficiency (#,4p) of the inhibitor was calculated from the corrosion current densities using the
following Eq. (3):

@ npdp _ (Icorr(b!ank) - Icorr(inh)) %100% (3)
& Icorr(blank)
where, # — the efficiency 8 osmn inhibition; icommiank — corrosion current density of CS without inhibitor; icoyinn) — corrosion
current density of C ibitor.
The corros m/year was obtained by using Eq. (4):

><E

v — COI’I’ 4
‘ ’ corr pX F ( )

wher%orrosion current density (A-cm); E, — chemical equivalent of the alloy (g-mol™); p — density of the alloy (g-cm
3); F —\Faraday’s constant, 96500 C-mol!. The calculation results are recorded in mm/year after unit conversion.
‘Complementary electrochemical impedance spectroscopy (EIS) measurements were immediately conducted following

the PDP tests without altering the electrode surface. EIS spectra were acquired in the frequency range from 10° Hz to 10° Hz
with an applied sinusoidal perturbation amplitude of 10 mV. The resulting impedance data were analyzed and fitted to equivalent
electrical circuit models using ZView software (Scribner Associates Inc., USA). To ensure reproducibility, a minimum of three
to four independent measurements were performed for each condition, with the most representative dataset being selected for
reporting [21].

For the fitting results of the constant phase angle element CPE, according to the report of Bryan Hirschorn et al. [22], the
double-layer equivalent capacitance (Ca) was calculated by applying the Brug’s Eq. (5):

(1-n)
c, =y R (5)
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where: Cy — double-layer equivalent capacitance (F-cm?); Yy and n — characteristic parameters of the constant phase angle
element CPE are CPE-T (S's™cm? or Ohm-s™ cm?) and CPE-P obtained by fitting with ZView software; Rs — solution resistance
(Ohm-cm?).

3. Results and Discussion

3.1 MgO powders characterization

The structural and phase characteristics of the synthesized MgO nanopowders were rigorously evaluated using XRD
analysis, as presented in Figure 1. The diffractograms for both synthesis methods exhibit a series of sharp and well-defined
diffraction peaks, indicative of a high degree of crystallinity within the powders. Phase identification was performed by indexing
the observed diffraction lines against standard reference patterns from the ICDD JCPDS PDF-2 database. The predominant phase
in both samples was confirmed to be MgO with a face-centered cubic crystal structure. The lattice parameter for the synthesized
MgO was calculated to be @ = 0.4213 nm, which is in excellent agreement with the standard reference value, confirming the
successful formation of the target compound.

A critical observation from the XRD analysis is the presence of secondary diffraction peaks, which were identified as
sodium nitrate (NaNOs). The presence of this by-product is attributed to the incomplete removal of ionic species during the
washing stage of the synthesis, likely originating from the reaction between NaOH precipitating agent and the nitrate (NOs")
anions from the magnesium precursor salt (Mg(NOs)2'6H20). A semi-quantitative estimation based on the relative intensity of
the major peaks revealed a notable difference in the impurity content between the two synthesis routes. The MgO nanopowder
produced via the sol-gel method contained less than 5 wt.% NaNOs, whereas the sample obtained via microwave-assisted
synthesis contained approximately 15 wt.% of the impurity phase. This discrepancy can be rationalized by considering the
reaction kinetics inherent to each method. The rapid and intense heating characteristic of microwave irradiation may lead to the
rapid entrapment of sodium nitrate within the forming MgO matrix, making its subsequent removal via washing more
challenging. In contrast, the prolonged aging period (5 hours) during the sol-gel process potentially allows for more Ostwald
ripening and a more thermodynamically stable product, facilitating a more complete purification during the washing steps.

In conclusion, while both synthesis methods successfully produced crystalline MgO, the sol-gel technique yielded a
product with higher phase purity. The presence of sodium nitrate, particularly in the microwave-synthesized sample, is a
significant factor that must be considered, as surface impurities can profoundly influence the interfacial properties and,
consequently, the performance of the nanopowders when applied as corrosion inhibitors. While nitrate anions can exhibit
oxidizing properties and participate in cathodic reactions under certain conditions, their primary detrimental effect in this context
is likely physical rather than electrochemical. As a water-soluble ionic salt, NaNOs embedded within the MgO matrix can lead
to a porous and defective microstructure in the applied inhibitor layer. These defects compromise the barrier's cohesion and
provide direct channels for electrolyte ingress, thereby reducing the overall protection efficiency. This aligns with established
principles where secondary phases and impurities can act as sites for localized attack and film breakdown [23]. The superior
performance of the higher-purity S-GS-MgO underscores the critical importance of phase purity for forming a coherent and
effective protective film.

To investigate the morphology and siz ’%zristics of the synthesized MgO nanopowders, transmission electron
microscopy was employed. Figure 2 present: mierfographs and the corresponding particle size distribution histograms for
the samples obtained via microwave-aggisted s esis (Fig. 2 a, b) and the sol-gel method (Fig. 2 ¢, d). Morphological analysis
revealed that the particles in both sampl€g, exhibit an irregular, elongated strip-like morphology, approaching equiaxial shape.
However, significant differences in si Q}r ributions were observed between the samples. Quantitative analysis of the TEM
images demonstrated that the Mg(@ powder synthesized by the MAS method is characterized by significantly smaller particle
sizes. The most probable (modal) icle size is 11 nm, with an average size of 15.72+0.12 nm. The particle size distribution is
narrow and monomodal, with &of all particles falling within the 10-16 nm range. This homogeneity and nanoscale size are a
direct consequence of theggyntResis kinetics governed by microwave heating, which facilitates rapid and uniform nucleation and
subsequent growth, the minimizing aggregation and Ostwald ripening processes.

In contrast, the synthesized by the S-GS method exhibits substantially larger particle sizes. The distribution is also
monomodal but shifted towards larger particles: the modal size is 45 nm, and the average size is 62.7+0.2 nm. The vast majority
of particles @ e sizes within the 50-70 nm range. The increase in particle size in this case is attributed to the prolonged

(

)

sol aging time (3 hours), which provides conditions for pronounced Ostwald ripening — a process involving the dissolution of

arti and the growth of larger ones, leading to an increase in average size and a narrowing of the distribution.

the sol-gel method, under the employed conditions, results in the formation of particles with a size of ~60 nm. This
difference in dispersity may critically affect the specific surface area, adsorption capacity, and consequently, the corrosion
inhibition efficiency of these nanomaterials in aggressive environments.

To evaluate the hydrodynamic size characteristics of the synthesized MgO particles in an aqueous medium, laser
diffraction analysis (static light scattering) was employed. The volumetric particle size distributions for the aqueous suspensions
of MgO-MAS and MgO-S-GS are presented in Figure 3, panels (a) and (b), respectively. Both distributions are unimodal. The
MgO-MAS suspension (Fig. 3 a) exhibits a primary peak maximum in the range of 0.35-0.45 um, with a modal size of 0.4 um.
In contrast, the MgO-S-GS suspension (Fig. 3 b) displays a significantly larger modal size of 6 um, with the peak spanning 5.5-
7 um. Notably, these values represent a substantial increase — approximately an order of magnitude greater — compared to the
primary particle sizes determined by TEM analysis (15.72 nm and 62.7 nm for MAS and S-GS, respectively). This pronounced
discrepancy is attributed to the aggregation of primary nanoparticles upon dispersion in the aqueous medium. Collisions between



5

particles lead to the formation of large aggregates, resulting in a broad overall size distribution ranging from 0.2 to 25 um for
both samples. Analysis of the laser diffraction data established the mean volumetric particle size, representative of these
aggregates, to be approximately 0.5 um for MgO-MAS and 8.2 pm for MgO-S-GS. These findings confirm that the powders
form complex agglomerates in suspension, a critical factor influencing their interfacial behavior and application efficacy.

The significant disparity between the primary particle size (TEM) and the aggregate size in suspension (from laser
diffraction) for both MgO types confirms pronounced agglomeration in the aqueous medium. This is a common challenge for
high-surface-area oxide nanoparticles due to strong van der Waals forces and hydrogen bonding. The larger aggregate size of S-
GS-MgO (~8.2 um) compared to MAS-MgO (~0.5 um) likely reflects the inherent tendency of its larger primary particles (~63
nm vs. ~16 nm) to form more settled aggregates, although the higher impurity content in MAS-MgO may also influence
interparticle interactions.

This agglomerated state directly influences the interfacial processes relevant to corrosion inhibition. The aggregates,
rather than isolated primary particles, are the functional units adsorbing onto the steel surface. The size and stabilit@se
aggregates influence the morphology, coherence, and porosity of the formed protective layer. While the finer agg etsize of
MAS-MgO might suggest the potential for a denser initial coating, its higher impurity content likely comprofhise ntegrity
and adhesion of the agglomerated layer, as discussed earlier. Conversely, the larger but purer S-GS-MgO a tes appear to
form a more stable and effective barrier, as evidenced by the electrochemical data. This suggests that thg/c ion within the
agglomerated layer and its chemical stability in the corrosive medium are more critical for protection than rimary particle
size alone. %

In this comparative study, no additional dispersion aids (e.g., surfactants or ultras r e
measurement treatment) were employed to modify the agglomerated state. This approa as ptentional to evaluate the
performance of the as-synthesized powders in a simple aqueous suspension, reflecting a poten pplication scenario. Future
work optimizing dispersion through chemical or physical means could further enhaz@ perfofmance by improving surface

ic ghe yond the brief pre-

coverage and layer uniformity, thereby decoupling the effects of primary particle pr from aggregation state [24, 25].
However, within the present framework, the results underscore that the synthesi & dictates not only primary particle
characteristics but also their aggregation behavior, both of which are integral to t% structure-property-performance triad.
While this study focused on the short-term protective performance, th -teTm stability of the nanoparticle-based layer
in corrosive environments is a critical practical consideration. The agglo @ate observed in suspension (Fig. 3) is likely
dynamic under prolonged exposure. In acidic media, the partial chemi@s olution of MgO over time could alter the local
porosity and cohesion of the barrier layer. Conversely, in neutral chl ia, the stability is expected to be higher due to the
lower solubility of MgO. However, the localized pH increases at Qt ce, which is central to the inhibition mechanism, may

itself influence agglomeration and sedimentation kinetics g#ier ektended periods. For the purer S-GS-MgO, the lower impurity
content suggests a more chemically stable interface, potentia g to more durable protection. Future work employing long-
term immersion tests, in-situ monitoring of particle size distribufion in electrolyte, and surface analysis of aged inhibitor layers
is warranted to fully deconvolute these temporal effects and chgineer nano-inhibitors with enhanced operational longevity.

3.2 Corrosion inhibition efficiency

3.2.1 Weight loss measurements
To determine the optimal conce
CS 65 Mn, gravimetric analysis was e
concentrations: 0.2 wt.%, 0.4 wt.%,
HNOs:HCI:H20 in a 3:2:5 volum i

traworrosion inhibitors based on aqueous suspensions of MgO nanopowders for
pployed. The study utilized aqueous suspensions of MgO powders at the following mass
@ %, 0.8 wt.%, and 1.0 wt.%. The corrosive medium consisted of a mixture of
e results are presented in Figure 4.

The gravimetric data j the kinetics of weight loss for 65 Mn CS coupons exposed to the aggressive acidic
environment both in the absenc presence of the inhibitor suspensions (Fig. 4a, b). A comparative analysis of the weight loss
curves reveals that all tes pensions significantly reduce the corrosion rate compared to the uninhibited control. However,

the efficacy of inhibiti s depending on both the synthesis method of MgO nanopowder and its concentration in the
suspension. @

The suspefsion formulated with MgO synthesized via the sol-gel method demonstrated superior protective performance
across all co ions. This is quantitatively supported by the calculated average corrosion rates () and inhibition efficiencies
(n), summarized "n Table 2. The highest inhibition efficiencies for S-GS-MgO were observed at 0.2 wt.% (y = 48.62%) and 0.4
W5%), indicating a peak performance within this low-concentration range. A further increase in inhibitor loading
able decline in efficiency, with values dropping to approximately 22% at 0.6-1.0 wt.%. This suggests a saturation
effect @r potential agglomeration at higher concentrations, which may compromise the formation of a uniform protective layer.
similar concentration-dependent trend was observed for the microwave-assisted synthesis suspension, though with
overall lower inhibition efficiencies. The maximum efficiency for MAS-MgO was 42.82% at 0.4 wt.%, confirming this
concentration as optimal for both types of inhibitors under these experimental conditions. The superior performance of S-GS-
MgO is attributed to its higher phase purity, as established by XRD analysis (Fig. 1). The S-GS-MgO sample contained less than
5 wt.% of the NaNOs impurity phase, compared to approximately 15 wt.% in the MAS-MgO sample. Impurities can act as
defects in the protective layer, facilitating localized corrosion and thereby reducing the overall inhibition efficiency.

The residual relative mass of the steel coupons, plotted as a function of inhibitor concentration in Figure 4 c, d, provides
a direct visualization of the protective effect. The data unequivocally show that for both inhibitors, the highest residual mass,
and thus the greatest protection, is achieved at a concentration of 0.4 wt.%. This concentration is therefore identified as the
optimal dosage for maximizing corrosion inhibition efficiency for both MgO nanopowders in the given acidic medium. The
subsequent decrease in residual mass at higher concentrations (0.6-1.0 wt.%) further corroborates the conclusion that exceeding
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the optimal concentration does not enhance protection and may even be detrimental due to changes in the suspension's colloidal
stability or adsorption behavior.

The optimal concentration of 0.4 wt.%, identified in the accelerated mixed-acid medium, was subsequently applied for
electrochemical characterization in 0.1 M HCI and 0.1 M NaCl. While the absolute inhibition efficiency can be medium-
dependent, the consistent observation of a performance maximum at this concentration across both MgO types in the gravimetric
test justified its selection as a representative point for comparative mechanistic studies. This approach aligns with standard
practice where an optimal concentration identified in an aggressive screening environment is validated in more application-
relevant conditions [24, 25]. The subsequent electrochemical data in 0.1 M HCI/NaCl confirmed the significant protective effect
of this dosage and allowed for a dissection of the inhibition mechanisms in these specific environments.

3.2.2 Potentiodynamic polarization (PDP) measurements

To quantitatively assess the influence of MgO nanoparticles, synthesized via MAS and S-GS methods, on the sjon
kinetics of CS 65 Mn, potentiodynamic polarization measurements were conducted in two environments: 0.1 M H WM
NaCl. Based on preliminary gravimetric studies, an optimal inhibitor concentration of 0.4 wt.% MgO suspegsim@se ected
for detailed electrochemical analysis.

The potentiodynamic polarization curves, presented in Figure 5, demonstrate a significant influence o noparticles
introduction on the electrochemical behavior of the steel. A pronounced suppression of both anodic and@’lc processes is
observed in both corrosive environments. The shift of both branches of the curves towards lower ensities upon the
addition of inhibitors indicates a mixed inhibition mechanism. This suggests that MgO nanoparti Emorb onto the active
centers of the steel surface, blocking both anodic and cathodic sites, and form a protect; b& ayer [26]. Quantitative
parameters extracted from the polarization curves using the Tafel extrapolation method are rized in Table 3. The key
indicator is the corrosion current density (ic.-), which is directly proportional to the corrosion raté. In 0.1 M HCI (Table 3), the
icorr value for the uninhibited sample was 0.615%103 mA/cm?. The introduction of inhiB1 led to its substantial reduction: to
0.385x10 mA/cm? for MAS-MgO and to 0.227x10° mA/cm? for S-GS-MgO. or y, the inhibition efficiency (#pap),
calculated using formula (3), reached 59.77% and 63.14% for the MAS and S-Gﬁp s, respectively. The more pronounced
protective effect of S-GS-MgO in HCI, despite its larger particle size (~60 c ared to ~15 nm for MAS-MgO), can be
explained by two main factors identified during powder characterization: higligr phase purity and, consequently, better adsorption
capacity. The presence of a significant amount of NaNO; impurity (~15 % §ii the MAS-MgO sample may negatively affect
the stability and homogeneity of the formed protective layer, whiéh is @s‘cem with data from other studies indicating that
impurities can act as centers for localized corrosion [23]. Furtherm in the highly acidic HCI environment, the larger S-GS-
MgO particles possibly form a more stable and continuous hysi‘a! bt er, less susceptible to rapid chemical dissolution.

In 0.1 M NaCl the inhibitory efficiency of MgO nafiopart as significantly higher. The 7,4, values were 73.43% for
MAS-MgO and 89.12% for S-GS-MgO. This substantialui e in efficiency compared to HCI is expected and has a clear
explanation from the perspectives of thermodynamics and cegsesion mechanism. In a neutral environment, magnesium oxide is
more stable and less prone to chemical dissolution. THis allows it to perform its barrier function longer and more effectively. In
the chloride environment, besides the barrier mechdmisth, an adsorptive neutralizing action may play a dominant role [27]. MgO
particles adsorbing on the surface locally jacr the pH of the solution's boundary layer through reaction with water. This
promotes passivation of the steel surface amrs e initiation process of pitting corrosion, which is typical for chloride-
containing environments.

The shift in corrosion potential also provides valuable information. In NaCl, the addition of S-GS-MgO causes a
significant anodic shift in Ec,- of ~ from -584 mV to -410 mV), which may indicate a predominantly anodic inhibition
mechanism in this environmest: ereby the inhibitor primarily suppresses the metal dissolution reaction. For MAS-MgO, the

shift is also anodic but less profou (~97 mV). In HCI, the E,, shifts are less unambiguous: a small anodic shift is observed
for S-GS-MgO, while a ¢ 10%hift is noted for MAS-MgO, confirming the mixed type of action. The obtained inhibition
efficiency values for M -90% in NaCl) are in good agreement with literature data for inorganic nano-inhibitors. For
instance, it is reporte t nd SiO2 nanoparticles at similar concentrations demonstrate efficiencies in the range of 70-85%
in neutral chlori ionments [28, 29]. The advantage of S-GS-MgO demonstrated in this study underscores the critical
importance not m@ particle size but also of their phase purity and chemical stability for achieving maximum protective effect.

3.3 Corrosign inhibition mechanism study

3.3.1 hemical impedance spectroscopy technique

gam deeper insight into the interfacial processes and the protective mechanisms afforded by the synthesized MgO
nanopajticles, electrochemical impedance spectroscopy was employed. This technique is highly sensitive to changes at the
electrode/electrolyte interface, allowing for the characterization of charge transfer resistance, double-layer properties, and the
formation of surface films [30]. Results of electrochemical impedance spectroscopy tests on 65 Mn CS before and after the
application of corrosion inhibitors in 0.1 M HCI and 0.1 M NaCl solutions are shown in Figure 6. The curves simulated using
the ZView software showed good agreement with the experimental data. The electrochemical parameters obtained by fitting the
equivalent circuits are statistically presented in Table 4.

The impedance data were analyzed using the equivalent electrical circuit model, shown in Figure 7a. This model is
commonly employed to characterize a charge-transfer-controlled corrosion process at a heterogeneous electrode-electrolyte
interface [31]. The model consists of the solution resistance (R;) in series with a parallel combination of the charge transfer
resistance (R.,) and a constant phase element (CPE4). The CPE is used instead of an ideal capacitor to account for the non-ideal
capacitive behavior arising from surface roughness, inhomogeneous current distribution, or porosity of the interfacial layer. The
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physical meaning of the CPE parameters (Yo and ») is directly linked to the double-layer properties, and the effective capacitance
(Car) was calculated using Brug's formula (Eq. 5) to enable a quantitative discussion of interfacial changes.

The impedance response of the uninhibited steel (blank) in 0.1 M HCI (Fig. 6 a, b) is characterized by a single, depressed
capacitive loop, typical of a charge transfer-controlled corrosion process [31]. The relatively low charge transfer resistance (R
= 37.2 Ohm-cm?) and high double-layer capacitance (Cz=630.5 pF cm?) indicate a highly active surface with facile charge
transfer and a thin, non-protective interfacial layer. The introduction of MgO nanopowders significantly alters the impedance
response. For both inhibitors, the diameter of the capacitive loop increases substantially, reflecting a higher impedance to the
corrosion process. The R, values rise to 123.3 Ohm-cm? and 146.1 Ohm-cm? for MAS-MgO and S-GS-MgO, respectively.
Concurrently, the Cy values decrease markedly to approximately 123-378 pF-cm™. This inverse relationship between R, and Cy
is a classic indicator of effective corrosion inhibition [32]. The decrease in Cz can be attributed to either a reduction in the local
dielectric constant or an increase in the thickness of the electrical double layer, both resulting from the displacement of water
molecules and aggressive ions by adsorbed inhibitor particles forming a protective layer on the metal surface [33]. Thibent
phase element exponent # remains close to 0.85 for the inhibited samples, suggesting a slightly heterogeneous su; one
that is significantly more capacitive than the blank, consistent with the formation of a protective film. e

The superior performance of S-GS-MgO in the acidic medium, as evidenced by its higher R, aligns wit
purity identified by XRD. The presence of NaNOs impurities (~15 wt.%) in MAS-MgO likely introduces
layer, compromising its barrier properties and leading to a marginally lower R, compared to the pu
observation underscores the critical influence of synthetic by-products on the interfacial integrity of whibitors [34]. In the
neutral 0.1 M NaCl environment (Fig. 6 ¢, d), the impedance behavior reflects a different corrggion Se€nario, predominantly
driven by chloride-induced pitting. The blank sample exhibits a larger R, (392.1 Ohm-c mpaged to the acidic medium,
which is characteristic of the slower corrosion kinetics in neutral solutions. However, the lower n ¢ (0.64) suggests significant
surface inhomogeneity, likely due to the initiation of localized attack [35]. E

1

-GS-MgO. This

The addition of MgO nanoparticles in NaCl results in a further increase®in ching 475.2 Ohm-cm? and 486.6
Ohm-cm? for MAS-MgO and S-GS-MgO, respectively. The inhibition efficienci % ed from EIS data are notably higher
than in HCI, corroborating the PDP findings. This enhanced performance in neu%e 1a can be mechanistically explained by
a dual action of MgO. Firstly, the nanoparticles act as a physical barrier, bloc e sites on the steel surface. Secondly, and
more importantly in a neutral-chloride context, MgO can undergo hydrol the interface, leading to a localized increase in
pH in the confined boundary layer. This alkalinization promotes thg, for f a more stable passive film (e.g., Fe203/FesO4)
on the steel surface, thereby increasing its resistance to chloride penefgat d pitting initiation [36, 37]. The more pronounced
anodic shift in E. observed in PDP for S-GS-MgO in NaCl s‘@t is mechanism, indicating a stronger influence on the

anodic (dissolution) reaction. The Cy values for the inhibited sampleg in NaCl remain comparable to or slightly lower than that
a protective surface layer. The n values for inhibited samples
remain below 0.75, indicating that the surface, while protected, yetains a degree of heterogeneity, possibly due to the particulate

quantitative changes in the circuit parameters reVgal key differences in the protective mechanisms. In the absence of an inhibitor,
the steel surface undergoes rapid and rm attack. In 0.1 M HCI (Fig. 7 a), the anodic dissolution of iron and the cathodic
hydrogen evolution reaction proceed ded. In 0.1 M NaCl (Fig. 7 d), the primary threat is localized pitting corrosion,
where chloride ions adsorb at speci ?The introduction of microwave-synthesized MgO nanoparticles provides a protective
effect, albeit compromised. T , defect-rich MAS-MgO particles adsorb onto the steel surface, forming a discontinuous
barrier layer. In HCI (Fig. 7 ayer partially blocks active sites, retarding both anodic and cathodic reactions. However, the
high impurity content (N creates defects in the adsorbed layer, allowing localized penetration of H* and CI ions. In NaCl
(Fig. 7 e), the particle y act as a physical barrier. Their smaller size allows for denser packing but offers less effective
coverage per particle@)d interfacial pH increase due to MgO hydrolysis provides some supplementary anodic inhibition.
The sol-gel synthéSiz g0 nanoparticles demonstrate a superior and more robust protective mechanism. Their larger size and
higher phase :lmable the formation of a more coherent, stable, and continuous film on the steel surface. In HCI (Fig. 7 c),

this film act§ as an effective mixed-type inhibitor, providing superior barrier protection by more completely isolating the metal
1ve electrolyte. In NaCl (Fig. 7 f), the S-GS-MgO film excels through a dual mechanism: it forms an effective
physi E agpier against chloride ion ingress, and its stability and basic nature facilitate a more pronounced localized increase in

el substrate, significantly enhancing resistance to pitting initiation and propagation, thereby explaining its predominantly
anodic inhibition behavior. In summary, the schematic underscores the critical structure-property-performance relationship: the
synthesis pathway dictates nanoparticle architecture and purity, which in turn govern the dominant inhibition mechanism — from
a compromised barrier function in acid for impure MAS-MgO to an effective barrier-plus-passivation mechanism in neutral
chloride media for the pure, well-structured S-GS-MgO.

4, Conclusion

This study conclusively establishes that the synthesis pathway is a decisive design parameter for engineering MgO
nanoparticle corrosion inhibitors, directly governing their structural characteristics and subsequent protective performance. Sol-
gel synthesis yielded larger (~63 nm), more stoichiometric particles with superior phase purity (<5 wt.% impurity), whereas
microwave-assisted synthesis produced smaller (~16 nm), defect-rich nanoparticles with significant NaNOs impurity (~15 wt.%).
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These structural differences dictated the dominant inhibition mechanism: the purer S-GS-MgO formed a more effective and
stable protective layer, achieving superior inhibition efficiencies 0f 63.1% in 0.1 M HCl and 89.1% in 0.1 M NacCl, outperforming
MAS-MgO (59.8% and 73.4%, respectively). Electrochemical analysis confirmed that S-GS-MgO facilitates a more robust
barrier in acidic media and enhances passivation via interfacial pH modification in NaCl environments. The work validates a
critical structure-property-performance triad, providing a foundational framework for the rational design of nano-inhibitors
targeted for specific corrosive threats.
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Figure 3. Volumetric particle size distributions from static light scattering for MAS-MgO (a) and S-GS-MgO (b).

Figure 4. Weight loss kinetics (a, b) and residual relative mass (c, d) of CS 65 Mn in acidic mixture with different
concentrations of MAS-MgO (a, ¢) and S-GS-MgO (b, d).

Figure 5. Potentiodynamic polarization curves for CS 65 Mn in 0.1 M HCI (a) and 0.1 M NaCl (b) with and without 0.4 wt.%
MgO inhibitors.

Figure 6. Nyquist (a, c) and Bode (b, d) plots for CS 65 Mn in 0.1 M HCI (a, b) and 0.1 M NaCl (c, d) with 0.4 wt.% MgO
inhibitors. Solid lines are fits.

Figure 7. Schematic of inhibition mechanisms: (a) equivalent circuit; interfacial scenarios in 0.1 M HCI (a-c) and 0.1 M NaCl
(d-f): (a, d) uninhibited, (b, e) with MAS-MgO, (c, f) with S-GS-MgO.

Table captions

Table 1. Mass fraction of the main chemical elements in CS 65 Mn, %. (b
Table 2. Weight loss results for CS 65 Mn in HNOs:HCI:H2O at 25°C.

Table 3. Results of PDP measurements for CS 65 Mn corrosion. O
Table 4. Electrochemical impedance spectroscopy parameters for CS 65 Mn corrosion. x

Tables 0
Table 1. Mass fraction of the main chemical elements in CS 65 Mn, %
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Table 3. Results of PDP measurements for CS 65 Mn corrosion.
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Table 4. Electrochemical impedance spectroscopy parameters for CS 65 Mn corrosion.
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Figure 1. XRD patterns of MgO po&d;s obtained by (a) MAS and (b) S-GS.
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Figure 2. TEM images and particle size distributio
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Figure 5. Potentiodynamic polarization curves for CS 65 Mn in 0.1 M HCI (a) and 0.1 M NaCl (b) with and without 0.4 wt.%
MgO inhibitors.
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SMnin 0.1 M HCI (a, b) and 0.1 M NaCl (¢, d) with 0.4 wt.% MgO

Figure 6. Nyquist (a, ¢) and Bode (b, d) plots forCS
A Nl itqrs. Solid lines are fits.




15

Figure 7. Schematic of inhibition mechanisms: (a) equivalent circuit; interfacial scenarios in 0.1 M HCI (a-c) and 0.1 M NaCl
(d-f): (a, d) uninhibited, (b, e) with MAS-MgO, (c, f) with S-GS-MgO.



