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Abstract: The corrosion protection capability of a synthesized CaO/SiO. nanocomposite

Received 04 June 2026, for low-carbon steel in 15% HCI and 15% H2SOs solutions was investigated using weight
Revised 05 July 2026, loss measurements, Langmuir adsorption, potentiodynamic polarization, electrochemical
Accepted 06 July 2026 impedance spectroscopy (EIS), SEM/EDX, and XRD techniques. Weight loss results

revealed that inhibition efficiency increased with inhibitor concentration but decreased
with temperature, reaching maximum values of 94% in HCI and 86% in H-SO. at 303 K.
Adsorption followed the Langmuir isotherm (R? = 0.978-0.995), while negative values of
v low-carbon steel: AG?®, AH®, and AS° indicated a spontaneous, exothermic adsorption process dominated by
v Langmuir adsorption; physisorption. Polarization and EIS analyses revealed that the CaO/SiO. nanocomposite
v’ Adsorption acted as a mixed-type inhibitor by increasing charge-transfer resistance and suppressing

both anodic and cathodic reactions through the formation of a protective barrier film. SEM
Citation: Kufie E. E., Akanimo ~ micrographs revealed reduced surface deterioration and pitting in the protected samples,
N. E, Aniedi E. N. (2026) whereas EDX detected the presence of Ca, Si, and O on the steel surface, confirming the
Inhibition Behaviour of Low  adsorption of the nanocomposite. XRD analysis revealed suppression of crystalline
Carbon Steel by Synthesized  corrosion products and the formation of an amorphous protective CaO/SiO: layer. Overall,
and  Characterized Calcium ¢ synthesized CaO/SiO2 nanocomposite provided effective corrosion protection in both
Oxide/Silica Nanocomposite In acidic media, with superior performance in HCI, demonstrating its potential as an efficient

15% HCI d 15% H>SO . . A . .
Sohjti on Jm;mﬂ o oEnv;r 0n4 and environmentally friendly corrosion inhibitor for acidic industrial applications.

Sci., 17(7), 1117-1138.

Keywords:
v’ Nanocomposite;
v’ corrosion;

1. Introduction

The excellent mechanical strength, ductility, availability, and relatively low cost of iron and
low-carbon steel are the primary attributes that account for their widespread use in industrial,
engineering, marine, and petrochemical applications (Cunat, 2004; Bhadeshia & Honeycombe, 2024;
Gao et al., 2025; Jackson et al., 2019). Even with these advantages, their most important challenge is
vulnerability to corrosion in aggressive environments particularly in acidic media commonly used in
industrial cleaning, pickling, and descaling operations (Chaudhary et al., 2026; Zehra et al., 2025).
Corrosion considerably reduces the service life and structural integrity of metallic materials, leading to
vast economic losses and safety risks worldwide (Kania, 2023).
It has been reported that corrosion inflicts substantial economic costs, accounting for a major
proportion of the gross domestic product (GDP) of many national economies worldwide (Prasad et al.,
2020; Kania, 2023; Koch et al., 2005; Boekom et al., 2020). For instance, researches have shown that
corrosion damage and prevention strategies in the United States alone incurs hundreds of billions of
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dollars annually, with a major portion attributed to industrial equipment failure and maintenance (Koch
et al., 2005; Revie & Uhlig, 2025; Essiene et al., 2021). The corrosion-induced failures in pipelines
and storage systems in the oil and gas sector have resulted in catastrophic incidents, environmental
pollution, and loss of life, highlighting the urgent need for effective corrosion protection strategies
(Vakili et al., 2024; Assad et al., 2025; Jackson et al., 2016).

Corrosion of low carbon steel in acidic environments, such as hydrochloric acid (HCI) and
sulfuric acid (H2SOs4) proceeds predominantly through electrochemical redox reactions involving
anodic metal dissolution and cathodic hydrogen evolution (Avdeev & Kuznetsov, 2022; Okolo et al.,
2026; BOEKOM et al., 2019; Jackson et al., 2016). The use of corrosion inhibitors has been commonly
acknowledged as one of the most effective and economical approaches to mitigate these processes.
These inhibitors operate by forming a protective barrier that minimizes direct contact between the metal
and the corrosive medium (Aljibori ef al., 2023; Essien et al., 2024b; Rauta et al., 2025; Guendouz et
al., 2025).

Nanostructured materials are considered more effective than conventional organic inhibitors in
recent times due to their high surface area, enhanced reactivity, and improved adsorption capabilities.
Nanocomposites, in particular, have exhibited superior effectiveness in corrosion mitigation owing to
their synergistic properties arising from their constituent phases (Muresan, 2023). Among these,
calcium oxide (CaO)-based materials have attracted considerable attention owing to their strong
basicity, chemical stability, and ability to form protective layers on metallic surfaces. Likewise, silica
(S102) is characterized by a high surface area, chemical inertness, and excellent adsorption properties.
The integration of CaO and SiO: into a nanocomposite system is anticipated to enhance corrosion
inhibition performance through synergistic interactions that promote improved surface coverage and
greater stability of the protective film.

Previous studies have shown that inorganic and hybrid nanomaterials can effectively retard
corrosion of steel in acidic environments by forming stable adsorption layers and limiting charge-
transfer at the metal-solution interface (Lrhoul ef al., 2023; Gaber et al., 2025; Hu & Cheng, 2025;
Sasikumar et al., 2025; Kufre et al., 2025; Anadebe et al., 2026). However, relatively few studies have
investigated the combined effect of CaO/SiO: nanocomposites in highly aggressive dual-acid systems
such as 15% HCI and 15% H2SOa, which are commonly encountered in industrial processes.

In this study, a synthesized and characterized calcium oxide/silica (CaO/SiO2) nanocomposite
is studied as a corrosion inhibitor for low carbon steel in 15% HCI and 15% H2SOa solutions. The study
aims to determine its inhibition efficiency using gravimetric and electrochemical considerations, and
to elucidate the adsorption mechanism governing corrosion protection. The effect of concentration,
immersion time, and acid medium on the corrosion behavior will also be determined. Furthermore, the
synergistic relationship between CaO and SiO: in improving surface protection is interpreted in terms
of its structural and physicochemical properties. This work is anticipated to offer important
understanding on environmentally friendly and high-performance nanocomposite-based corrosion
inhibitors for industrial acid environments, with a view to advancing material durability and reduced
economic losses due to corrosion.

2. Methodology
2.1 Gravimetric Experiments
The gravimetric (weight loss) method was used to determine the corrosion inhibition

performance of the synthesized and characterized calcium oxide/silica (CaO/SiO2) nanocomposite on
low-carbon steel in 15% HCI and 15% H>SOas solutions. Low-carbon steel coupons of dimensions 5.0
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x 4.0 cm were mechanically polished using silicon carbide (SiC) abrasive papers of 320, 400, and 600
grit in sequence to achieve a smooth and uniform surface. The coupons were then cleaned in absolute
ethanol, rinsed with distilled water, dried in acetone, and stored in moisture-free desiccators prior to
use to prevent atmospheric corrosion (Oguzie et al., 2013; Muazu et al., 2022; Essien et al., 2022;
Essien et al., 2024a). Different concentrations of the CaO/Si02 nanocomposite (typically in the range
of 2.0 mg/L to 10 mg/L) were prepared by appropriate dilution of a stock suspension using distilled
water. The test solutions containing 15% HCI and 15% H.SOs were formulated separately, and
solutions without the nanocomposite were used as blank (control) experiments.

The pre-weighed steel coupons were immersed in 100 mL of the test solutions placed in beakers
and kept at temperatures ranging from 303 K to 333 K under controlled conditions. The immersion
tests lasted for 10 hours, with samples withdrawn at 2-hour intervals to track corrosion progression
over time. At the end of each immersion time, the coupons were carefully withdrawn from the corrosive
media, rinsed with distilled water to eliminate loosely adhered corrosion products and inhibitor
residues, gently scrubbed with a bristle brush, dried with acetone, and re-weighed using an analytical
balance. The weight loss was calculated as the difference between the initial and final masses of the
coupons at each time interval. The corrosion rate and inhibition efficiency of the CaO/SiO:
nanocomposite were subsequently derived from the measured weight loss values in both acidic media
to evaluate its protective performance on low carbon steel under varying conditions.

2.2 Potentiodynamic Polarization Measurement

The potentiodynamic polarization measurements were performed to examine the
electrochemical corrosion behavior of low carbon steel in 15% HCI and 15% H2SOa4 solutions in the
absence and presence of the synthesized calcium oxide/silica (CaO/Si0O2) nanocomposite. The working
electrode (low carbon steel) was introduced into the test solution and left to equilibrate for 30 minutes
until a stable open circuit potential (Eoc,) was achieved (Stefanoni ez al., 2015; Ozoemena et al., 2023).
After stabilization, polarization measurements were conducted under potentiodynamic conditions
using a computer-controlled electrochemical workstation in an aerated environment. The potential was
scanned at a scan rate of | mV s™' within a potential range of —0.25 V to +0.25 V with respect to the
open circuit potential. All potentials were measured against a saturated calomel electrode (SCE) as the
reference electrode (Oueslati et al., 2025; Obot et al., 2021). The corrosion current density (icor) Was
derived by linear extrapolation of the anodic and cathodic Tafel regions to the corrosion potential
(Ecorr). The inhibition efficiency (n%) of the CaO/SiO. nanocomposite was determined using the
relationship (Gopal et al., 2026):

.() .
[ — Yeorr
(%) = LT 100
7’(:orr

where 1%orr and icor represent the corrosion current densities in the absence and presence of the
nanocomposite, respectively.

2.3 Electrochemical Impedance Spectroscopy (ELS) Measurement

Electrochemical impedance spectroscopy (EIS) measurements were carried out to further
evaluate the corrosion inhibition performance of the CaO/SiO. nanocomposite on low carbon steel in
15% HCI and 15% H2SOa4 solutions at 303 K. The experiments were performed at the open circuit
potential using a small amplitude alternating current signal of 5 mV (RMS) over a frequency range of
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10 Hz to 100,000 Hz under aerated conditions (Rios ef al., 2013; Essien et al., 2023; Ozoemena et al.,
2024). The impedance data were assessed using Nyquist plots, where the polarization resistance (R;)
was derived from the diameter of the semicircular capacitive loop (Wang et al., 2026). The polarization
resistance is related to contributions from charge transfer resistance (Rci), film resistance (Ry),
adsorption layer resistance (Ra), and diffusion-related processes at the metal/solution interface. The
inhibition efficiency (n%) was determined from the polarization resistance values using the expression:
Ryptint) — By

n(%) = R
plinh

x 100

where Rygnn) and R; are the polarization resistance values in the presence and absence of the CaO/SiO:
nanocomposite, respectively.

The double layer capacitance (Car) was calculated using the standard relation:

1

Ca =
u 27rf7".(1'.1'R1)

where fmax 1s the frequency at which the imaginary part of the impedance reaches its maximum value.

These electrochemical techniques collectively provide insight into the adsorption behavior, protective
film formation, and charge transfer resistance enhancement induced by the CaO/Si02 nanocomposite
on low carbon steel surfaces in aggressive acidic media.

3. Results and Discussion
3.1 Weight Loss Studies

The corrosion inhibition behaviour of the synthesized CaO/Si02 nanocomposite on low carbon
steel in 15% H2SO4 and 15% HCI solutions was obtained through corrosion rate (CR), surface coverage
(0), and inhibition efficiency (IE%). The results presented in Table 1 demonstrated that the CaO/SiO:
nanocomposite exhibited excellent protective properties, with its performance depending on inhibitor
concentration, temperature, and the nature of the acidic environment. Without the inhibitor, the
corrosion rate of low-carbon steel rose markedly with increasing temperature in both acidic media.
This observation is consistent with the findings of Cruz-Borbolla et al. (2017), who reported a similar
increase in the corrosion rate of steel with rising temperature in acidic media. In 15% H>SOs solution,
the corrosion rate increased from 4.90 X103 mg cm= h™" at 303 K to 12.30 X102 mg cm2 h™*' at 333
K, while in 15% HCI solution, the corrosion rate increased from 5.50 X102 mg cm 2 h™' to 13.50 X103
mg cm2 h™'. This increase results from improved electrochemical activity at higher temperatures,
which accelerates both anodic iron dissolution and cathodic hydrogen evolution reactions (Jiang & Liu,
2022).

The addition of CaO/SiO2 nanocomposite significantly lowered the corrosion rate and improved
inhibition efficiency in both acidic media. In 15% H2SOs, the corrosion rate decreased from 2.85 <102
mg cm 2 h™' at 2 mg/L inhibitor concentration to 0.65 x1072 mg cm2 h™" at 10 mg/L, corresponding to
an increase in inhibition efficiency from 42% to 86% at 303 K. Similarly, in 15% HCI medium, the
corrosion rate declined from 2.20 X107 mg cm™ h™' to 0.35 X102 mg cm™ h™', with inhibition
efficiency increasing from 60% to 94% under the same conditions. The steady increase in inhibition
efficiency with inhibitor concentration suggests enhanced adsorption of CaO/SiO: nanoparticles onto
the steel surface, leading to more effective blocking of active corrosion sites.
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Table 1: Corrosion Parameters of Low-Carbon Steel in 15% HCI and 15% H>SOs Solutions in the Absence
and Presence of Different Concentrations of Synthesized CaO/SiO. Nanocomposite Inhibitor at
Different Temperatures

Ca0/SiOs
Media Nanocomposite 303 K 313K 323 K 333K
(mg/L)
CRﬁ 7(mg IE CRﬁ 7(mg IE CRﬁ 7(mg IE CRﬁ 7(mg IE
en?hl) 0 o om0 em?hl) 0 em?hd) 0
%1073 ( 0) x1073 ( 0) x1073 ( 0) x10-3 (A))
15% 2.85 04242 425 03232 5.95 02424 7.80 0.18 18
H,SO.
4 235 05252 3.60 04343 4.90 03636 6.75 0.28 28
6 1.70 0.6565 2.85 0.5555 3.85 0.48 48 5.40 0.39 39
8 1.10 0.7777 2.05 0.67 67 2.85 0.61 61 4.20 0.52 52
10 0.65 0.86 86 1.35 0.78 78 2.00 0.6969 3.10 0.63 63
Blank 490 - - 710 - — 925 1230 - -
%ISC/I 2 220 0.60 60 3.40 05151 4.80 03939 6.90 0.29 29
4 1.70 0.69 69 2.75 0.61 61 3.90 05252 5.75 0.42 42
6 1.10 0.80 80 1.95 0.7575 3.00 0.6565 4.60 0.53 53
8 0.65 0.90 90 1.25 0.84 84 2.10 0.7777 3.60 0.63 63
10 0.35 0.94 94 0.80 0.90 90 1.45 0.8585 2.70 0.73 73
Blank 550 - - 800 - — 1020 - — 1350 - -

The greater inhibition efficiency observed in HCI compared with H.SOa is ascribed to the
distinct adsorption characteristics of chloride and sulfate ions. Chloride ions are smaller and more
weakly hydrated, allowing them to approach the steel surface more closely and promote the adsorption
of inhibitor species (Zamindar ef al., 2024; Chen et al., 2022). Conversely, sulfate ions exhibit a larger
hydration shell and compete more effectively for adsorption sites, which may weaken the interaction
between the nanocomposite and the metal surface (Yang et al, 2018). Consequently, the CaO/Si0O:
nanocomposite developed a more compact and protective layer in the HCI medium.

The effect of temperature revealed that the inhibition efficiency declined as the temperature
rose from 303 to 333 K. At a CaO/SiO: concentration of 10 mg/L, the inhibition efficiency declined
from 86% to 63% in H2SO4 and from 94% to 73% in HCI. The decline in efficiency at higher
temperatures implies partial desorption of the adsorbed nanocomposite film from the steel surface,
thereby exposing a larger portion of the metal to the acidic environment (Hasanin & Al Kiey, 2023).
This behaviour suggests that the adsorption of CaO/SiO: nanoparticles is governed predominantly by
physical adsorption, whereas chemical interactions between oxygen-containing surface groups and iron
atoms may also enhance the stability of the protective film.

The present results are consistent with previous studies on oxide-based nanomaterials as
corrosion inhibitors. Thakur er al. (2023) reported that nanomaterials exhibit improved corrosion
protection due to their large surface area, which promotes adsorption and formation of a compact
barrier film on metal surfaces. Their findings support the enhanced inhibition performance observed
for CaO/Si0:2 nanocomposite in the present work. Similarly, AbdEIRhiem et al. (2025) demonstrated
that inorganic nanoparticles containing oxygen-bearing functional groups can significantly reduce
corrosion by blocking active anodic and cathodic sites.
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The superior performance of the CaO/SiO. nanocomposite can be explained by the formation
of a protective adsorbed film through interaction between the nanoparticle surface and the steel
substrate. The adsorbed film prevents direct contact between the corrosive medium and the metal
surface, thereby reducing anodic dissolution:

Fe — Fe™ +2e”

and suppressing cathodic hydrogen evolution:

2H" +2¢” > H,

Consequently, the corrosion process is significantly inhibited.

3.2 Langmuir Adsorption Isotherm Behaviour for CaO/SiO: Nanocomposite on Low Carbon Steel

in 15% H>S0+ and 15% HCI Media

The adsorption characteristics of the CaO/Si02 nanocomposite on the low-carbon steel surface in
15% H>SO4 and 15% HCl media were investigated using the Langmuir adsorption isotherm by plotting
Cinh/0 against Cinh at 303, 313, 323, and 333 K. The resulting plots (Figures 1 and 2) exhibited
excellent linearity across the investigated inhibitor concentration range (2—10 mg/L), demonstrating
that the adsorption of the CaO/Si02 nanocomposite conforms to the Langmuir adsorption model. The
close agreement with the Langmuir isotherm implies that adsorption proceeds through the formation
of a monolayer protective film on the steel surface, in which inhibitor molecules adsorb onto the
available active corrosion sites with minimal interactions between neighbouring adsorbed species. The
Langmuir adsorption model is expressed as (Azizian et al., 2018):

Ci nh _ 1
0 K, ads

+ Ci-nh

where Cinh represents inhibitor concentration, 0 represents the fraction of the steel surface covered by
inhibitor molecules, and Kads is the adsorption equilibrium constant. The linear relationship between
Cinh/0 and Cinh demonstrates that the surface coverage increases steadily with increasing CaO/SiO:
nanocomposite concentration owing to the increased availability of adsorbing species in the corrosive
environment.

In 15% H2SOs medium, the Langmuir plots (Figure 1) demonstrated excellent linearity at all
studied temperatures. At lower temperature (303 K), the plot displayed lower Cinh/0 values, implying
stronger adsorption of the CaO/SiO2 nanocomposite on the steel surface. Increasing the temperature to
333 K led to elevated Cinh/0 values, indicating a decrease in adsorption strength. This behaviour is
consistent with the observed decline in inhibition efficiency from 86% at 303 K to 63% at 333 K for a
10 mg/L inhibitor concentration. The loss of surface protection at elevated temperature can be ascribed
to enhanced molecular motion, which diminishes adsorption forces and facilitates partial desorption of
the adsorbed inhibitor film. This observation is consistent with the results reported by Selvi et al.
(2020). The adsorption mechanism in sulfuric acid solution is ascribed to the interaction between active
sites on the steel surface and oxygen-containing groups in the nanocomposite, such as Si-OH, Si—-O—
Si, and Ca—O functional groups. These surface groups act as electron-rich centres that engage with iron
atoms, leading to the development of an adsorbed protective layer (Zamindar et al., 2024). This layer
limits the penetration of sulfate ions to the steel surface and suppresses both anodic iron corrosion and
cathodic hydrogen evolution reactions.

For 15% HCI medium, a similar linear correlation (Figure 2) was observed, supporting
Langmuir adsorption behaviour. However, the HCI system displayed relatively lower Cinh/0 values
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than H.SOa4 at equivalent inhibitor concentrations and temperatures, implying stronger adsorption of
the CaO/Si10: nanocomposite on the steel surface. This stronger adsorption behaviour is consistent with
the higher inhibition efficiency recorded in HCl medium, where a maximum efficiency of 94% at 303
K was achieved compared with 86% in H2SOa.
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Figure 1: Langmuir adsorption isotherm plots of the CaO/SiO2 nanocomposite on low-carbon steel in
15% H2SOs solutions at different temperatures.
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Figure 2: Langmuir adsorption isotherm plots of the CaO/SiO2 nanocomposite on low-carbon steel in

15% HCI solutions at different temperatures.

The improved adsorption in hydrochloric acid may be ascribed to the effect of chloride ions.
Chloride ions exhibit a smaller ionic size and lower hydration energy than sulfate ions, facilitating
closer access to the steel surface. The presence of chloride ions may facilitate the adsorption of
CaO/Si0: nanoparticles by altering the surface charge and strengthening the affinity between the
inhibitor species and the metal substrate. Conversely, sulfate ions are highly hydrated and compete
strongly for adsorption sites, thereby limiting the ability of the inhibitor molecules to form a compact
protective film. The proposed adsorption mechanism of the CaO/SiO. nanocomposite can be
summarized as follows:
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(1) Adsorption of CaO/SiO:2 nanoparticles onto active corrosion sites:
Steel + CaO/Si09 — Steel — CaO/Si02(ads)

(i)  Formation of a protective barrier film that prevents penetration of acidic ions.

(iii)  Suppression of anodic and cathodic corrosion reactions.

The combined adsorption and barrier effects reduce the corrosion rate and improve protection
efficiency.

3.3 Thermodynamic Adsorption Behaviour and Corrosion Inhibition Mechanism of CaO/SiO:
Nanocomposite on Low Carbon Steel in 15% H>S0+ and 15% HCI Media

The thermodynamic adsorption parameters (Table 2) derived from the Langmuir adsorption
isotherm offer valuable insight into the adsorption of the CaO/SiO. nanocomposite on the low-carbon
steel surface in 15% H2SOs4 and 15% HCI acidic environments. The adsorption parameters, namely the
adsorption equilibrium constant (Kads), Gibbs free energy change (AG®), enthalpy change (AH®),
entropy change (AS®), and correlation coefficient (R?), were employed to characterize the nature,
spontaneity, and stability of the adsorption process. The correlation coefficient values recorded for both
acidic media (R? = 0.978-0.995) demonstrate a strong correlation between the experimental data and
the Langmuir adsorption model. This finding confirms that the adsorption of the CaO/SiO:
nanocomposite onto the low-carbon steel surface proceeds via a monolayer adsorption mechanism, in
which the inhibitor nanoparticles adsorb onto active corrosion sites with minimal interaction among
neighbouring adsorbed species. The close fit to the Langmuir model implies that the inhibition
efficiency of the CaO/SiO2 nanocomposite is predominantly governed by the adsorption of the inhibitor
species on the metal surface.

The adsorption equilibrium constant (Kags) values revealed strong interaction between the
nanocomposite and the steel surface. In 15% H2SO4 medium, Kads decreased from 1.860 L mg™ at
303 K to 0.720 L mg™" at 333 K, while in 15% HCIl medium, it decreased from 2.950 L mg™" to 1.020
L mg™! within the same temperature range. The higher Kads values in HCl indicate stronger adsorption
of the CaO/Si102 nanocomposite onto the steel surface, consistent with the higher inhibition efficiency
recorded in HCl medium (94%) compared with H2SO4 (86%) at 303 K. The decrease in Kads with
increasing temperature indicates that adsorption becomes less favourable at elevated temperatures due
to increased molecular motion and partial desorption of the adsorbed inhibitor layer. This observation
is similar to that of Ituen et al. (2016), who reported that adsorption equilibrium constants decrease
with increasing temperature, reflecting a predominantly physical adsorption process and reduced
inhibitor stability on the metal surface at higher temperatures. The variation in adsorption strength
between the two-acid media can be related to the nature of the aggressive ions present. In hydrochloric
acid solution, chloride ions are smaller, less strongly hydrated, and possess greater adsorption ability,
enabling easier interaction between the inhibitor species and the steel surface (Chen et al., 2022). This
promotes the formation of a compact protective film. However, sulfate ions in sulfuric acid possess a
larger hydrated structure and compete strongly for adsorption sites, thereby reducing the extent of
CaO/Si0: adsorption (Kolics & Wieckowski, 2001). Consequently, weaker adsorption and lower
inhibition efficiency were observed in H.SOs medium.

The Gibbs free energy values (AG®) derived for all conditions were negative, confirming that
the adsorption process is spontaneous. In 15% H2SOa., AG® values ranged from —8.05 kJ mol™ at 303
K to —=7.26 kJ mol™ at 333 K, whereas in 15% HCI, the values ranged from —9.36 kJ mol™ to —8.31 kJ
mol™'. The more negative AG® values in HCI confirm a stronger and more favourable adsorption
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process. In general, AG® values less negative than approximately —20 kJ mol™ suggest physical
adsorption, while strongly negative values approaching —40 kJ mol™ indicate chemical adsorption.
Therefore, the derived AG® values imply that adsorption of the CaO/SiO2 nanocomposite occurs mainly
through physisorption, driven by electrostatic attraction between charged inhibitor species and the
metal surface. However, the contribution of weak chemical interactions cannot be ruled out due to the
presence of oxygen-containing functional groups such as Si—~OH, Si—O-Si, and Ca—O, which may
engage with iron atoms to reinforce the protective layer. Similarly, Adamu et al. (2025) reported that
effective corrosion inhibitors exhibit spontaneous adsorption characterized by negative Gibbs free
energy values. They further explained that intermediate negative AG® values indicate physical
adsorption, which is consistent with the adsorption mechanism identified for the CaO/SiO:
nanocomposite.

The enthalpy change values were negative in both media, with AH® =—31.42 kJ mol™* for 15%
H>SO4 and —27.85 kJ mol™ for 15% HCI. The negative values confirm that the adsorption process is
exothermic, indicating that heat is released when CaO/Si10- nanoparticles adsorb onto the steel surface.
Therefore, increasing temperature reduces adsorption stability, accounting for the decline in inhibition
efficiency at elevated temperatures. The magnitude of the enthalpy values also supports a mainly
physical adsorption process with possible involvement of chemical interactions between the
nanocomposite and the steel substrate. This observation is similar to that of Sahmoune (2019), who
reported that negative enthalpy values indicate an exothermic adsorption process.

The entropy change values were negative for both acidic systems, with values of —=77.21 J mol™!
K ' in H2SOs and —61.54 J mol™' K™ in HCI. The negative AS° values reflect a reduction in randomness
at the metal-solution interface during adsorption (Liu & Lee, 2014). This occurs because freely
dispersed CaO/SiO: nanoparticles become organized on the steel surface to form an ordered protective
barrier layer. The more negative entropy value in H.SO4 implies a higher degree of ordering during
adsorption, which may arise from stronger competition between sulfate ions and inhibitor species for
adsorption sites.

Table 2: Thermodynamic Parameters from the Langmuir Adsorption Isotherm for Low-Carbon Steel
in 15% HCI and 15% H2SOa Solutions Containing Synthesized CaO/SiO. Nanocomposite
Inhibitor at Different Temperatures

Acid Temperature  Kads (L In Kads AG° (kJ AH® (kJAS® (J mol™ R2

Medium (K) mg) mol™) mol™) K™

15% H2SO4 303 1.860 0.621 —8.05 —31.42 -77.21 0.991
313 1.410 0.344 -7.81 —31.42 -77.21 0.987
323 1.020 0.020 -7.52 —31.42 -77.21 0.983
333 0.720 —0.329 —7.26 —31.42 -77.21 0.978

15% HC1 303 2.950 1.082 —9.36 —27.85 —61.54 0.995
313 2.180 0.779 —-9.01 —27.85 —61.54 0.992
323 1.540 0.432 —8.68 —27.85 —61.54 0.989
333 1.020 0.020 —-8.31 —27.85 —61.54 0.985
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Figure 3: Polarization curve of variable concentrations of CaO/SiO, Nanocomposite inl5 % HCI

solution at 303 K
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Figure 4: Polarization curve of variable concentrations of CaO/SiO; Nanocomposite inl5 % H2SO4
solution at 303 K

3.4  Potentiodynamic Polarization Behaviour

The potentiodynamic polarization curves (Figure 3 and 4) obtained for low carbon steel in 15%
HCI and 15% H>SOs solutions containing CaO/SiO: nanocomposite demonstrate that the
nanocomposite effectively reduces the electrochemical corrosion reactions of steel. The inhibited
systems exhibited lower anodic and cathodic current densities compared with the uninhibited samples,
confirming the protective action of CaO/SiO2. nanocomposite through adsorption and formation of a
barrier layer on the metal surface. The observed decrease in corrosion current density with increasing
Ca0/Si0: concentration agrees with the findings of Okon et al. (2025), who reported that nanoparticle-
based inhibitors reduce corrosion activity by adsorbing onto the metal surface and blocking active
corrosion sites. Similar inhibition behaviour was observed by Avdeev et al. (2024), where protective
films formed by inhibitor molecules significantly reduced both anodic metal dissolution and cathodic
hydrogen evolution reactions.
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The suppression of both anodic and cathodic branches in the present study indicates that
Ca0/Si0O:2 nanocomposite acts as a mixed-type corrosion inhibitor. This behaviour is consistent with
the work of Numin et al. (2026), who reported that effective inhibitors reduce corrosion by
simultaneously controlling anodic dissolution of iron and cathodic reduction processes. The absence
of a major shift in corrosion potential after inhibitor addition further confirms that the nanocomposite
does not preferentially inhibit only one electrochemical reaction. The improved inhibition efficiency
of Ca0/Si0O:2 nanocomposite compared with the blank solution can be associated with the high surface
area and adsorption ability of the nanoparticles. Borisova et al. (2011) reported that silica nanoparticles
enhance corrosion protection due to their high surface energy, large specific surface area, and ability
to form compact protective layers. In the present study, the incorporation of CaO with SiO: likely
enhanced this effect by providing additional active adsorption centres, improving surface coverage and
stability of the protective film.

Table 3: Potentiodynamic polarization parameters obtained from Tafel plots for low carbon steel in 15%
HCland 15% H2SOs solutions containing synthesized CaO/Si02 nanocomposite at 303 K

Corrosion rate —E (mV Leore Inhibition
System (py) v SCE) (A Ba (mV dec?) B (mV dec?) efficiency
py cm?) (IE %)

() —
15% HCI (Blank —Low 1416 x 10°  388.0 3100 5623 x 102 1.00 x 1015 -
carbon steel)

0 + 1
15% HCl C.aO/Sloz 394.1 506.0 862.0 408.4x 102 270.6 x 107 72.20
nanocomposite (2%)

0 + 1
15% HCl + Ca0/Si0, 842.8 448.0 1840 5224 x 10 1.00 x 103 40.65
nanocomposite (10%)

() —
15% HoS0. (Blank —Low o0/ 1.05 1450  305.6x 10° 547.8x10°  —
carbon steel)

0 + 1
15% HaS0s 4 Ca0/Sio: 59.09 1.06 129.0 312.1 %103 572.1 x 1073 11.03
nanocomposite (2%)

0 + 1
15% Ha804 + Ca0/Si0 44.23 1.06 96.8  266.5x 107 471.5x 107 33.24

nanocomposite (10%)

The electrochemical parameters (Table 3) derived in this study for low-carbon steel in the
presence of the CaO/Si02 nanocomposite are in agreement with previous reports on nanoparticle-based
corrosion inhibitors. The decrease in corrosion current density (Icorr) and corrosion rate following the
incorporation of the CaO/SiO: nanocomposite confirms that the nanocomposite effectively inhibits the
electrochemical dissolution of steel in acidic environments.

The elevated corrosion current density (3100 pA cm™2) recorded for low-carbon steel in 15%
HCI without inhibitor reflects severe corrosion due to the aggressive attack of chloride ions, which
enhance anodic iron dissolution and cathodic hydrogen evolution. Similar behaviour was reported by
Saha et al. (2015), who observed that mild steel corrosion in acidic solutions is significantly suppressed
when inhibitor species adsorb on the steel surface and block active corrosion sites. The reduction of
Icorr to 862 pA cm™ and the associated inhibition efficiency of 72.20% at 2% CaO/SiO:
nanocomposite concentration demonstrate efficient surface protection.

The higher inhibition efficiency recorded in this study is consistent with the findings of Alao
(2022), who reported that nanostructured inhibitors improve corrosion resistance via adsorption and
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the formation of protective films. The CaO/SiO: nanocomposite likely adsorbs onto the steel surface
via interactions between oxide functional groups and iron atoms, creating a barrier that restricts the
penetration of H" and CI™ ions. The decline in corrosion rate from 1.416 x 10° mpy (blank) to 394.1
mpy (2% CaO/Si0:) in HCl is comparable with the trend reported for other oxide nanoparticles. Chen
et al. (2025) reported that the inclusion of silica nanoparticles enhances corrosion resistance due to
their high surface area, strong adsorption ability, and capacity to fill micro-defects on metal surfaces.
The superior performance of CaO/SiO. compared with individual oxides may be ascribed to the
synergistic effect of CaO and SiO-, where silica offers adsorption sites while CaO improves surface
affinity and film stability.

However, the decline in inhibition efficiency from 72.20% (2%) to 40.65% (10%) in HCI
implies that excessive nanoparticle concentration may induce aggregation, reducing active adsorption
sites. Similar concentration-dependent behaviour was reported by Zarrouk et al. (2012), where
increased inhibitor concentrations did not always yield proportional improvement due to aggregation
of inhibitor species and diminished affinity with the metal surface.

In 15% H2SOs solution, the corrosion current density declined from 145 pA cm™ (blank) to 129
LA cm? and 96.8 pA cm for 2% and 10% CaO/SiO: nanocomposite, respectively. The maximum
inhibition efficiency of 33.24% at 10% concentration suggests that sulfate ions demand higher inhibitor
concentration for effective surface coverage. This observation agrees with Chen et al. (2022), who
reported that corrosion inhibition efficiency is governed by the affinity between inhibitor molecules
and the characteristics of the acidic electrolyte.

The changes in Tafel slopes (Ba and fc) after inhibitor incorporation confirm that the CaO/SiO-
nanocomposite affects both anodic and cathodic reactions. Similar mixed-type inhibition behaviour
was reported by Fekry & Ameer (2010), where corrosion inhibitors diminished both metal dissolution
and hydrogen evolution without appreciably shifting the corrosion potential. The Nyquist impedance
behaviour further corroborates the polarization results. The larger semicircle diameter recorded for
inhibited steel compared with the blank sample signifies increased charge transfer resistance (Rct) and
reduced corrosion activity. Similar impedance behaviour was reported by Pradityana et al. (2026), who
ascribed the increased semicircle diameter to the development of an adsorbed layer that restricts charge
transfer between the metal and electrolyte. The improved impedance behaviour at 10% CaO/SiO:
concentration in H>SO4 indicates enhanced adsorption and a more compact protective film formation.
This is consistent with the findings of Oreko & Okuma (2025), who reported that oxide-based
nanomaterials improve corrosion resistance by increasing surface coverage and reducing
electrochemical reaction sites.

The Nyquist plots (Figure 5 and 6) of low-carbon steel in 15% HCl and 15% H>SOs containing
CaO/Si02 nanocomposite show that both acid type and inhibitor concentration strongly influence
electrochemical behaviour. The blank H.SOa4 solution exhibits a smaller capacitive loop than HCI,
indicating lower charge-transfer resistance (Rct) and higher corrosion rate, consistent with the stronger
corrosivity of sulfate media reported in literature (Solmaz et al., 2008; Lame et al., 2024; Liu et al.,
2024).

In HCIL, Rct increases up to 2 wt% CaO/SiO2, suggesting effective adsorption and formation of a
protective film, but decreases at 10 wt%, indicating an optimum concentration beyond which
nanoparticle aggregation and non-uniform surface coverage reduce protection. In contrast, in H2SOa4,
Rct increases steadily with concentration, reflecting progressive adsorption and more stable film
formation under sulfate conditions. A similar observation was reported by AbdEIRhiem et al. (2025).
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Figure 6: Nyquist plot of variable concentrations of CaO/SiO2 nanocomposite in 15 % H2SO4 solution

at 303 K.

The variations in corrosion inhibition are attributed to differences in anion behaviour. Chloride
ions promote initial adsorption at low inhibitor concentrations, whereas sulfate ions necessitate greater
inhibitor concentrations for adequate surface coverage. These findings are consistent with those
reported by Akrout ef al. (2025). At elevated inhibitor concentrations, nanoparticle aggregation and
film heterogeneity facilitate the formation of diffusion pathways for corrosive ions, resulting in reduced
inhibition efficiency in HCl. The Electrochemical Impedance Spectroscopy (EIS) results (Table 4)
demonstrate that the CaO/SiO2 nanocomposite suppressed the corrosion of low-carbon steel in both
15% HCI and 15% H2SOs by enhancing the charge-transfer resistance (Rct) and reducing the constant
phase element (Q), reflecting the adsorption of the inhibitor and the development of a surface barrier
film. In 15% HCI, the Rct rose from 36.49 Q cm? for the blank solution to 116.40 ©Q cm? at 2 wt%
Ca0/Si0:, yielding an inhibition efficiency of 68.65%. The lower Q value reflects diminished
electrochemical activity resulting from surface coverage by the nanocomposite. At 10 wt%, the Rct
declined, suggesting that higher nanoparticle loading promoted agglomeration and non-uniform film
formation, consequently leading to a decline in inhibition efficiency. These findings are consistent with
those reported by Habibi et al. (2026).

In 15% H2SO., the Rct rose from 169.00 Q cm? for the blank solution to 224.80 Q c¢cm? and
236.80 Q cm? at 2 wt% and 10 wt%, respectively, reflecting a gradual improvement in corrosion
resistance as the inhibitor concentration increased. This behaviour suggests more effective adsorption
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and improved integrity of the surface film in sulfuric acid. This trend is consistent with the results
reported by Hermas et al. (2029). Larger Nyquist semicircles observed for the inhibited systems,
accompanied by lower Q values and o values of 0.68—0.75, signify diminished charge transfer and non-
ideal capacitive behaviour arising from adsorption on a heterogeneous steel surface. Collectively, these
findings show that the CaO/SiO2. nanocomposite functions as an effective corrosion inhibitor through
adsorption and barrier-film formation, exhibiting optimum performance at 2 wt% in HCI and sustained
improvement up to 10 wt% in H2SOa.

Table 4: Electrochemical Impedance Spectroscopy (EIS) parameters of low carbon steel in 15% HCI
and 15% H2SOs4 solutions containing synthesized CaO/SiO2 nanocomposite at 303 K

Rct QQ x 103 (S s Goodness of fitlE

Rs (Q cm?
System s (€2 e’ m?) cm™) o (%)
0 —
13% HCI (Blank —Low ., ¢, 3649 1.290 0.74 1.79 x 10° -
carbon steel)
0 + 1
19%HCL+ Ca0510: ) 5o 11640 0855 0.74 1.50 x 107 68.65
nanocomposite (2 wt%)
0 + 1
1% HCL+ CaOI8I0: ) 0 3875 1.080 0.75 2.96 x 107 5.83
nanocomposite (10 wt%)
0 —
15% FSO (Blank =, ¢ 169.00  3.150 0.72 1.74 x 107 -
Low carbon steel)
0 + 1
13% H:S0: = CaOiSI0 -y 510 90480 1840 0.74 1.54 x 10° 24.82
nanocomposite (2 wt%)
0 + 1
15% H2SO4 + Ca0/SiO2 3,669 236.80 3.300 0.68 8.02 x 103 28.63

nanocomposite (10 wt%)

3.5 SEM and EDX Analysis

SEM images (Figure 7a, b and 8a, b) reveal extensive surface degradation of uninhibited low-
carbon steel in acidic media, characterized by irregular, heterogeneous morphology, deep pits, and
corrosion products, reflecting intense anodic dissolution and hydrogen evolution. In contrast, inhibited
samples exhibit comparatively more uniform surfaces with fewer pits and a more homogeneous
morphology, demonstrating the corrosion-inhibiting effect of the CaO/SiO: nanocomposite. In the
inhibited specimens, granular and spherical formations are evident, arising from nanocomposite
particles forming a compact surface layer that restricts electrolyte penetration. Slightly denser
particulate coverage is evident in H.SO4 (Figure 8a, b) compared to HCI (Figure 7a, b), likely due to
differences in anion behaviour and adsorption characteristics, though both media exhibit pronounced
surface protection.

EDX analysis (9a, b) reveals the characteristic signals of Ca, Si, and O on the inhibited steel
surfaces, supporting the adsorption of the CaO/SiO: nanocomposite onto the metal substrate. The
appearance of these elemental peaks, which are absent or significantly weaker in the uninhibited
sample, further substantiates the formation of a surface-adhered inhibitor layer. In addition, a marked
reduction in the Fe peak intensity is observed, reflecting effective surface coverage and partial shielding
of the steel substrate by the protective film.
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Kufre et al., J. Mater. Environ. Sci., 2026, 17(3), pp. 1117-1138 1131



. Few corrosion .
products

‘;\ 1/ o \
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Figure 9a: Energy-Dispersive X-ray (EDX) Spectrum of Low-Carbon Steel Surface after Treatment

with CaO/Si02 Nanocomposite in 15% H2SO4 Solution Showing the Presence of Ca, Si,
O, and Fe Elements.
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Figure 9b: Energy-Dispersive X-ray (EDX) Spectrum of Low-Carbon Steel Surface after Treatment

with Ca0O/SiO: Nanocomposite in 15% HCI Solution Showing the Presence of Ca, Si, O,
and Fe Elements.
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Figure 10b: XRD analysis (corrosion product on low carbon steel) in 15 % HCIl solution

3.6  Structural Evaluation by X-ray Diffraction (XRD)

The XRD profile of uninhibited low-carbon steel (Figure 10a, b) exhibits sharp, high-intensity
reflections (=1500-1800 a.u.), reflecting highly ordered corrosion products. Alongside a-Fe,
diffraction peaks corresponding to FeSOa, Fe2(S04)s, FesO4, and a-FeOOH are detected, evidencing
severe corrosion and the development of crystalline oxide and sulfate phases in acidic media, in
agreement with SEM observations. Following incorporation of the CaO/SiO: nanocomposite,
diffraction intensity decreases markedly (<500 a.u.), while reflections associated with corrosion
products are substantially suppressed, indicating a pronounced reduction in corrosion activity. Weak,
broadened peaks corresponding to CaO and SiO: emerge, implying the development of an amorphous
or nanocrystalline protective surface film on the steel substrate. This structural feature is consistent
with effective surface coverage by the inhibitor layer. In addition, a minor CaSO4:2H20O peak is
detected, reflecting limited association of calcium species with sulfate ions in the corrosive medium.
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Conclusion

The CaO/Si0O2 nanocomposite effectively inhibits corrosion of low-carbon steel in 15% HCI
and 15% H>SOs via adsorption and protective barrier-film formation. Electrochemical results (EIS)
show improved charge-transfer resistance, while weight loss measurements verify a significant
reduction in corrosion rate, consistent with the electrochemical behaviour. The inhibition efficiency
depends on concentration and acidic medium, with optimum behaviour observed at 2 wt% in HCl and
sustained improvement up to 10 wt% in H.SOs. SEM, EDX, and XRD analyses further support the
development of a surface film that mitigates metal dissolution. Overall, the nanocomposite exhibits
strong potential as an eco-friendly corrosion inhibitor for acidic environments.
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