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Abstract

Corrosion poses a critical challenge to the oil and gas
industry, particularly in systems exposed to acidic
and high-salinity environments. This study evaluates
eggshell powder, a biowaste-derived material, as a
green corrosion inhibitor for type N80 carbon steel
under conditions representative of acidic and brine
environments. Its performance was systematically as-
sessed through weight loss testing, micro-indentation
hardness measurements, and numerical electrochemi-
cal modeling. N80 steel coupons were exposed to 2
M hydrochloric acid (HCI) and 2 M sodium chloride
(NaCl) solutions, with and without 6 g/L of eggshell
powder, for 6 days. Corrosion rates determined from
mass loss showed substantial protection in the acidic
medium, decreasing from 18.8 to 2.1 mm/year and
corresponding to an inhibition efficiency of 90 %. In
brine, the effect was more moderate, with a 14%
reduction in the corrosion rate. Micro-indentation
analysis confirmed that inhibitor-treated samples re-
tained at least 85% of the hardness of unexposed steel
in acid, whereas untreated samples exhibited severe
mechanical degradation. The results suggest that cor-
rosion protection arises from a combined mechanism
involving the formation of a calcium carbonate bar-
rier, stabilization of the corrosion product layer, and
possible scavenging of aggressive chloride ions. Over-
all, this study demonstrates the potential of eggshell
powder as a viable and sustainable candidate for cor-
rosion mitigation in harsh industrial environments.

Keywords: carbon steel, green corrosion inhibition,
eggshell powder, aggressive environments, micro-
indentation, sustainability.

Resumen

La corrosién representa un desafio importante para
la industria del petréleo y del gas, especialmente en
sistemas expuestos a ambientes acidos y de alta sa-
linidad. Este estudio evaliia el polvo de cascara de
huevo, un residuo bioldgico, como inhibidor ecolégico
de la corrosion del acero al carbono tipo N80 bajo
condiciones representativas de ambientes acidos y
salinos. Se analizaron muestras de acero expuestas a
soluciones de acido clorhidrico (HCl) 2 M y cloruro
de sodio (NaCl) 2 M, con y sin 6 g/L de polvo de cés-
cara de huevo, durante seis dias. La tasa de corrosién,
determinada a partir de la pérdida de masa, mostré
una mejora significativa en medio acido, al disminuir
de 18.8 mm/afio a 2.1 mm/afio, con una eficiencia de
inhibicién del 90 %. En condiciones salinas, el efecto
fue moderado, con una reduccién del 14 %. El an4lisis
de microindentacion indicé que las muestras tratadas
conservaron al menos el 85 % de la dureza del acero
no expuesto, mientras que las no tratadas sufrieron
una degradacién severa. Los resultados sugieren que
la proteccion se debe a la formacién de una barrera
de carbonato de calcio, la estabilizacién de la capa
de productos de corrosion y la captura de iones agre-
sivos, como el cloruro. Este estudio demuestra que el
polvo de cascara de huevo es una alternativa viable
y sostenible para mitigar la corrosién en entornos
industriales exigentes.

Palabras clave: acero al carbono, inhibidor verde
de la corrosién, polvo de céscara de huevo, ambientes
agresivos, microindentacion, sustentabilidad
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1. Introduction

Corrosion is a pervasive degradation process and a
critical challenge in multiple engineering applications.
In the oil and gas sector, general and localized cor-
rosion commonly occurs in pipelines, storage tanks,
and downhole equipment exposed to acidic and high-
salinity environments [1-4]. Corrosion compromises
equipment structural integrity and can lead to fail-
ure, production losses, safety hazards, and significant
environmental risks [5-7].

Typical corrosion mitigation strategies and schemes
rely on chemical inhibitors based on synthetic organic
compounds, such as amines, quaternary ammonium
salts, and phosphonates [8-11]. Despite their high ef-
ficiency, these inhibitors present several drawbacks,
including high cost, limited biodegradability, and en-
vironmental toxicity. The need to mitigate corrosion,
together with increasing regulatory pressure, has ac-
celerated the search for alternative inhibitors derived
from natural or renewable sources, commonly referred
to as "green inhibitors" [12,13].

Green corrosion inhibitors typically include plant
extracts, agricultural byproducts, and biowaste ma-
terials that are non-toxic, biodegradable, and readily
available [14-16]. Eggshells are a notable example, as
they are commonly used in the agricultural sector as
natural fertilizers. They are primarily composed of
calcium carbonate (CaCO3) and organic constituents
that may act as corrosion inhibitors by contributing
to the formation of a protective film at the metal
surface [17-19].

Despite promising early efforts, the use of eggshell-
based inhibitors in oil and gas applications remains
poorly understood. Previous studies have assessed
their performance under model conditions, which dif-
fer substantially from highly dynamic field environ-
ments where physical and chemical stability must be
maintained over extended periods [20,21]. Therefore,
evaluating the degradation of mechanical properties
and the durability of the corrosion product layer is
critical for assessing the performance of any inhibitor.

Accordingly, this study systematically evaluates
the performance of eggshell powder as a corrosion in-
hibitor under conditions relevant to the oil and gas
sector, using both experimental techniques and numer-
ical methods. The N80 steel coupons were exposed to
acidic and saline environments, and corrosion rates
were determined through weight loss measurements.
In addition, micro-indentation analysis was conducted
to assess the hardness of the corrosion layers formed
with and without the inhibitor. Numerical modeling
of corrosion kinetics and inhibitor adsorption provided
insight into the possible inhibition mechanism, the
effect of eggshell-derived components on anodic and
cathodic reactions, and the influence on charge-transfer
processes at the steel-electrolyte interface. By combin-

ing laboratory experiments with micro-mechanical and
numerical analyses, this study assessed the potential
of eggshell powder as a green corrosion inhibitor.

2. Materials and Methods

2.1. Materials

This study used type N80 carbon steel coupons as the
metallic substrate for corrosion testing and eggshell
powder as the green inhibitor. The chemical composi-
tion of the N80 steel, supplied by Changzhou Qingli
Huanneng Chemical Technology Co., Ltd., is presented
in Table 1. The corrosive media consisted of two aque-
ous solutions: I) 2 molar sodium chloride (2M NaCl)
to simulate saline environments, and II) 2 molar hy-
drochloric acid (2M HCI) to represent acidic conditions.
All chemicals were of analytical grade and were pre-
pared in deionized water (PanReac AppliChem, ITW
Reagents).

Table 1. Chemical composition of type N80 carbon steel

Element Weight (%)
Carbon (C) 0.21 - 0.28
Manganese (Mn) 0.60 - 1.00
Phosphorus (P) < 0.030
Sulfur (S) < 0.030
Silicon (Si) 0.15- 0.35
Chromium (Cr) <0.25
Nickel (Ni) <0.25
Copper (Cu) <0.25
Molybdenum (Mo) <0.15
Vanadium (V) < 0.08
Other elements < 0.30 (total)
Iron (Fe) Balance

2.2. Sample Preparation
Steel Coupons & Testing Solutions:

Type N80 carbon steel plates measuring 50 mm x 10
mm X 3 mm were first ground with No. 50 SiC paper
to remove surface oxides and contaminants, ensuring
a uniform surface in accordance with ASTM G1. Ma-
terial removal was controlled to approximately 0.0025
mm in thickness from all surfaces. The samples were
then further ground using No. 800 to No. 1200 SiC
paper to obtain a suitable surface finish for subsequent
testing. After grinding, the coupons were immediately
rinsed with deionized water, cleaned with ethanol, and
dried with an air gun before initial weighing.

For the test solutions, 116.8 g of NaCl was dissolved
and 166.7 ml of concentrated HCI (37%) was diluted
in deionized water to obtain 2 M NaCl and 2 M HC1
solutions. Their pH values were 7 and 0, respectively.
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Eggshell Inhibitor:

Eggshells were collected from local sources, thoroughly
washed, oven-dried, and ground using a mechanical
grinder. The resulting powder was sieved to obtain
a uniform particle size corresponding to mesh 80
(= 180um). Eggshell powder was added to the test so-
lutions at a defined concentration of 6 g/L and mixed
until fully dispersed.

2.3. Corrosion Testing & Weight Loss Evalua-
tion

Corrosion rates were determined using a classical
weight loss protocol. First, each specimen was weighed
using an analytical balance with a readability of 1
mg (Mettler Toledo ME203). Then, following ASTM
G31, the coupons were placed in glass beakers and
immersed in 200 mL of test solution, either 2 M NaCl
or 2 M HCI, with or without eggshell inhibitor, for 6
days at room temperature, approximately 23 °C. After
exposure, coupons designated for weight loss analysis
were removed and gently cleaned in a sonicator bath
with deionized water and a soft brush to remove loose
corrosion products. Cleaning was omitted for samples
intended for micro-indentation to preserve the prop-
erties of the corrosion layer. Finally, all coupons were
dried with an air gun immediately after cleaning and
weighed to three decimal places.

Corrosion rates were calculated using the following
equation (1):

87.6- (Wi — Wy)

_ 576 (W, )
P -1

where W; and W; are the initial and final masses

(mg), p is the density of steel (g/cm?), A is the exposed

surface area (cm?), and t is the exposure time (hours).

cr|

mm
year

2.4. Micro-Indentation Measurements

This study used an instrumented micro-indenter, An-
ton Paar, Micro Combi Tester MCT, with a maximum
load of 30 N, load resolution of 6 N, depth range of
1000 pm, and depth resolution of 0.03 nm, to assess
the mechanical properties of the corrosion layer formed
on the steel coupons after exposure. The indenter ap-
plied several loading and unloading cycles using the
continuous multicycle load method, CMC. A matrix
of four measurement locations was generated, and the
applied force and resulting displacement were recorded.
The device measured indentation hardness, HIT, as
the mean contact pressure beneath the indenter at
peak load, see equation (2):

Fma;ﬂ
2
» )

where F,q, is the maximum applied load and A,
is the projected contact area, determined using the

HIT =

Oliver-Pharr method. Mean values, standard devia-
tions, and standard errors were reported for each condi-
tion to evaluate the integrity and mechanical strength
of the protective layer formed in the presence and
absence of the inhibitor.

2.5. Numerical Simulation

Electrochemical Corrosion Model Implementa-
tion

The corrosion behavior of type N80 steel was simulated
using MATLAB. The numerical model reproduced the
electrochemical response of steel in acidic and saline
environments with varying solution compositions, in-
hibitor concentrations, and steel properties. The model
incorporated standard corrosion kinetics based on the
Butler-Volmer equation and adsorption isotherms to
predict current densities and polarization resistance,
which are electrochemical parameters related to the
corrosion rate.

The simplified model was based on coupled anodic
and cathodic reactions described by the Butler-Volmer
equation, accounting for charge-transfer kinetics. The
general form for each half-cell reaction is:

. ok, _ _och,,
1=1g | exp BT exp T

where i is the current density A/m?; ig is the ex-
change current density, a, and a. are the anodic and
cathodic transfer coefficients, F' is Faraday’s constant
C'/mol; n is the overpotential (V), R is the universal
gas constant J/mol - K; and T is the temperature (K).

(3)

Inhibitor Effect via Adsorption Isotherm

To incorporate the effect of the eggshell inhibitor into
the numerical model, the surface coverage () of the
inhibitor on the steel surface was estimated using the
Langmuir adsorption isotherm [22,23]. This approach
assumes that inhibitor molecules form a layer on the
metal surface, with uniform adsorption sites and no
interactions between adsorbed species. The surface
coverage was calculated as:

:1fgc @)

where 6 is the fraction of the metal surface covered
by the inhibitor, C' is the inhibitor concentration in
mol-L~" and K is the adsorption equilibrium constant
in L -mol~'. The presence of the inhibitor reduces the
active area available for corrosion, and the numerical
model accounts for this by scaling the current density
from the uninhibited case. Specifically, the corrosion
current density in the inhibited system (icorr inn) Was
estimated as:

0
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(5)

where icorrunink is the corrosion current density
in the absence of the inhibitor. This formulation al-
lowed the model to account for inhibition efficiency
as a function of inhibitor concentration, simulating
how increasing surface coverage led to a proportional
reduction in electrochemical activity.

(icorr,inh) = (1 - H)icorr,uninh

MATLAB Implementation & Numerical Simu-
lation

The numerical model was developed on MATLAB to
simulate the electrochemical behavior of type N80 steel
with and without the eggshell inhibitor. The model
solves Butler-Volmer equation for both anodic and
cathodic reactions across a defined potential range and

Table 2. Parameters used in the numerical corrosion model

then adjusts the response based on inhibitor surface
coverage.

The simulation started by defining the system pa-
rameters, including all constants, electrochemical pa-
rameters, and inhibitor properties listed in Table 2.
The model then generated a range of electrode po-
tentials around the expected corrosion potential, for
example from -0.7 V to -0.3 V, simulating a sweep
similar to that used in potentiodynamic polarization
experiments [24]. For each potential value, the overpo-
tential  was computed and used as the input for the
Butler-Volmer equation. Finally, the Butler-Volmer
equation was applied to compute the total current den-
sity at each potential step. The simulation produced
two complete sets of simulated polarization data: one
for the uninhibited system and another representing
the system with the corrosion inhibitor.

of type N80 steel in saline (NaCl) and acidic (HCI) systems.

Value NaCl Valor (HCI1
Parameter Description system) system) Unit Source/Note
F Faraday’s constant 96485 C-mol~! Standard constant
R Universal gas 8,314 J-mol™1- K1 Standard constant
constant
T Temperature 298 K Ambient (25 °C)
Anodic transfer Typical
Qq . . 0.5 - .
coefficient assumption
Cathodic transfer Typical
Q. . . 0.5 - .
coefficient assumption
o Exchange'current 1% 10-3 8 x 10-5 A em=2 Estlmated f.or carbon
density steel in saline water
Corrosion .
Eeorr potential -0.5 -0.6 V (vs. Ref) Estimated
K Adsorption equilibrium 16.28 1011 I mol-1 Ad]}lsted from
constant experimental data
C Inhibitor concentration 2 mol - L™! Experimental
0 Surface coverage 0.14 0.91 - From Langmuir isotherm
. Corrosion current . _5 4 9 .
Teorr,sin density (no inhibitor) 1.56 x 10 1.20 x 10 Afem Model output
. Corrosion current 5 5 5
Tcorr,con 1.34 x 1077 1.09 x 107° Afem Model output

density (with inhibitor)

3. Results and discussion

3.1. Visual Inspection of Corrosion

Figure 1 shows the steel coupons before and after fluid
exposure. Visual inspection revealed clear differences
in the extent of corrosion between samples exposed to
HCI and NaCl solutions. Coupons immersed in HCI
exhibited extensive surface degradation, severe rust
formation, and visible loss of metallic luster, indicating
significant corrosion (Figure la). In contrast, coupons
exposed to the NaCl solution exhibited more moder-
ate corrosion, with surface discoloration and localized

pitting but less widespread material damage than the
acid-treated samples (Figure 1b).

A marked protective effect was observed when
eggshell powder was added to both solutions. The
steel surfaces exposed to the inhibitor exhibited notice-
ably fewer corrosion products and retained a smoother
appearance than the uninhibited controls, as shown in
Figure 1. In both acidic and saline environments, the
presence of eggshell powder reduced visible corrosion,
with the most pronounced effect observed in the HCI
solution, where the inhibitor limited the aggressive
etching typically seen under these conditions.
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Figure 1. N80 Steel coupons images before and after fluid
exposure with and without eggshell as an inhibitor. (a) 2
M HC], (b) 2 M NaCl.

3.2. Weight Loss Analysis

Figure 2 presents the corrosion rates of steel coupons
with and without the eggshell inhibitor. The corro-
sion rates estimated after exposure demonstrated the
protective effect of the inhibitor. In 2 M NaCl, the
corrosion rate without the inhibitor was 0.14 mm/year.
The addition of eggshell powder slightly reduced it
to 0.12 mm/year, corresponding to an approximately
14% improvement, as shown in Figure 2a. The in-
hibitor effect was much more pronounced under acidic
conditions, in 2 M HCI, where the corrosion rate de-
creased from 18.8 mm/year without the inhibitor to
2.1 mm/year with the inhibitor, corresponding to an
approximately 90% improvement, as shown in Figure
2b.

2 M NaCl
— 0.15
[
2
€ 0.14 +
£
= 013 |
®
c 012
2
(%]
S o
o
o mNo Inhibitor ~ mEggshell
(a)
2 MHCI
= 20
2
£ 15 |
E
o 10 F
©
c 5
Ke]
n
e o0
15
© ENo Inhibitor ~ mEggshell

(b)

Figure 2. Corrosion rate of N80 carbon steel samples
when exposed to a) 2 M NaCl solution and b) 2 M HCI
solution with and without eggshell as inhibitor.

These results indicate that eggshell powder pro-
vides moderate inhibition in saline environments but
substantial protection under highly aggressive acidic
conditions. The significant decrease in weight loss in
the acid-exposed, inhibitor-treated samples suggests
the formation of a protective barrier on the steel, effec-
tively limiting metal dissolution. These findings demon-
strate the potential of eggshell-derived inhibitors for
corrosion protection in environments where acid expo-
sure is a primary concern, with measurable benefits
also observed in brine.

3.3. Micro-Indentation Analysis

Figure 3 shows the indentation hardness results for
the different coupons. The experimental data indicate
that, for samples exposed to 2 M NaCl, hardness val-
ues remained similar to those of the unexposed steel,
regardless of the presence of the inhibitor, as shown
in Figure 3a. The mean HIT changed only from 2.44
GPa for the reference unexposed material to 2.28 GPa
without inhibitor and 2.42 GPa with eggshell as the
inhibitor, corresponding to a deviation of< 7 %. This
suggests that, under saline conditions and within the
tested exposure time, the surface properties of the steel
coupons were minimally affected.

A different trend was observed in acidic environ-
ments. Type N80 steel coupons exposed to 2 M HCI
without the inhibitor showed a marked decrease in
hardness compared with the original unexposed sam-
ple, as shown in Figure 3b. HIT decreased to 1.77 GPa
in polished coupons to only 0.22 GPa in unpolished
coupons. This reduction indicates that the corrosion
layer formed in acid was mechanically weak and more
susceptible to removal. In contrast, the samples treated
with the eggshell inhibitor retained hardness values
similar to those of the unexposed material. Polished
and unpolished coupons reached 2.07 GPa and 2.32
GPa, respectively, corresponding to at least 85% of
the reference value.

The results suggest that the corrosion layer formed
in acid without protection was poorly adherent and
could be easily removed, leading to continuous expo-
sure of fresh steel to the corrosive fluid and sustained
metal loss. When the eggshell inhibitor was added,
the resulting layer was mechanically robust and more
resistant to removal, effectively serving as a protec-
tive barrier. This layer limited further corrosion and
enhanced the durability of the steel in service environ-
ments exposed to abrasive forces or fluid impingement.
Overall, the micro-indentation data support the effec-
tiveness of the eggshell inhibitor in maintaining the
mechanical integrity of the steel surface, particularly
under aggressive acidic conditions.
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Figure 3. Indentation hardness. a) Brine - 2 M NaCl; b) Acid - 2 M HCI. Note: shaded area shows = —1 standard
deviation, bars show +1 standard error, and data points show mean values.

3.4. Numerical Simulation

Figure 4 presents the simulated potentiodynamic polar-
ization curves for the tested solutions with and without
the eggshell inhibitor. The simulation revealed differ-
ences in corrosion kinetics between neutral chloride
and acidic environments. In the 2 M NaCl solution,
the current densities were moderate, and the corrosion
potential was less negative, consistent with a system in
which the cathodic reaction was dominated by oxygen
reduction.

The simulated polarization curves for this environ-
ment displayed only a minor shift in current density
after inhibitor addition, indicating weak surface inter-
action and limited protective capability, as shown in
Figure 4. This behavior was reflected in the inhibition
efficiency of only 14%. Based on the simulation results,
the uninhibited corrosion current density was approxi-
mately 1.56 x 107°A/cm?, while the inhibited system
showed a slight reduction to 1.34 x 1075A/em?.

——NaCl - Uninhibited
--- NaCl - Inhibited
——HCI - Uninhibited
- -~ HCI - Inhibited

Potential (V vs Ag/AgCl)
&
o

10 10 10% 102 10°
Current Density (Afcm?)

Figure 4. Simulated potentiodynamic polarization curves
in 2 M NaCl and 2 M HCI with and without the eggshell
inhibitor.

In contrast, the numerical results for the 2 M HC1
solution showed a much more aggressive corrosive be-
havior, as expected under acidic conditions favoring
hydrogen evolution as the cathodic reaction. The un-
inhibited system exhibited significantly higher current
densities and a more negative corrosion potential, re-
flecting accelerated anodic dissolution of iron in the
steel. However, the addition of eggshell powder at the
same acid concentration produced a marked reduc-
tion in current density, particularly in the cathodic
branch. This behavior was attributed to a higher ad-
sorption constant and near-complete surface coverage,
consistent with the experimentally obtained inhibition
efficiency of 90%. These results suggest that the acidic
environment enhanced the affinity of inhibitor-derived
species for the steel surface, possibly through proto-
nation of functional groups or increased chemisorp-
tion. Based on the simulation results, the uninhibited
corrosion current density in acid was approximately
1.20 x 107*A/cm?, while the inhibited system showed
a marked reduction to 1.09 x 10754 /em?.

The differences in corrosion behavior and inhibition
efficiency between the two environments demonstrate
the role of the medium in controlling the inhibitor per-
formance. Although the same inhibitor concentration
was used in both cases, its effectiveness was strongly
dependent on electrolyte chemistry. From a modeling
perspective, the results validate the usefulness of cou-
pling classical electrochemical kinetics with immersion
testing to understand corrosion mechanisms. The But-
ler—Volmer equation successfully captured the shift in
current density profiles, whereas the Langmuir model
provided a basis for interpreting the surface interac-
tion between the inhibitor and the substrate. However,
the model assumes idealized conditions, such as uni-
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form surface coverage and constant kinetic parameters,
which may not fully account for localized corrosion,
diffusion effects, or inhibitor degradation. Future work
should consider multi-site adsorption models, transport
limitations, and pH-dependent speciation to improve
predictive accuracy and better reproduce the real sys-
tems.

3.5. Possible Corrosion Mechanisms & Role of
Eggshell as a Corrosion Inhibitor

The deterioration of carbon steel under naturally harsh
conditions occurs through spontaneous electrochemical
processes at the metal-solution interface. In acid, the
carbon steel alloy undergoes anodic dissolution, releas-
ing Fe?T ions, while the cathodic process involves the
reduction of hydrogen ions to produce hydrogen gas,
commonly known as the hydrogen evolution reaction.
In neutral chloride-containing electrolytes, the process
is typically less aggressive; however, chloride ions can
initiate localized corrosion by disrupting protective
films formed at neutral pH, leading to pitting, one
of the most critical forms of corrosion because of the
difficulty of monitoring it [25].

Eggshell powder is mainly composed of calcium
carbonate, along with small amounts of magnesium
carbonate, phosphate, and trace organic proteins. Its
corrosion protection likely occurs through several si-
multaneous mechanisms, with the experimental results
indicating a stronger inhibitory effect in acidic media.
The possible inhibition mechanism in acidic media,
based on the experimental data, is described below.

Formation of a Carbonate Physical Barrier:

The primary component of eggshell powder, calcium
carbonate (CaCOs3), can form a protective barrier on
the steel surface. In acidic environments such as 2 M
HCI, calcium carbonate reacts with H™ to release sol-
uble Ca** ions and carbon dioxide gas (CO3). The
reaction proceeds as follows:

CaCOs3(s)+2H ™ (aq) — Ca**(aq)+COz(g)+H.0(1)
(6)

Once Ca®T is released into solution, it can repre-
cipitate near the metal surface, particularly under lo-
calized conditions where pH increases due to cathodic

reactions such as hydrogen evolution, which consumes
H+:

2H " (aq) +2e~ — Hy(g) (7)

In these alkaline areas, Ca?T can react with carbon-
ate ions (CO3”7) or hydroxide ions (OH ™) to reform
calcium carbonate or produce calcium hydroxide, also
known as portlandite. Both compounds are poorly sol-
uble and can form solid deposits on the steel surface.
These two reactions can proceed as follows:

Ca*t +CO;~ — CaCO3(s) (8)

Ca®T +20H™ — Ca(OH)y(s) (9)

The precipitated compounds from reactions (8)
and (9), particularly calcium carbonate (CaCOj3), can
form a compact layer on the steel surface that acts as a
barrier. This physical barrier reduces the transport of
aggressive ions, such as chloride (Cl7) and hydrogen
ions (H™), by slowing or limiting their diffusion to-
ward the metal surface. As a result, it restricts anodic
dissolution by partially blocking active corrosion sites,
thereby decreasing the electroactive area and slowing
the corrosion rate. Figure 5 presents a schematic of
the proposed physical barrier formation mechanism.

Eggshell powder interaction with HCI

CaCO;(s) + 2H* (aq) — Ca®*(aq) + CO,(g) + H,0(1)

Solids precipitation
Ca?* + €03~ - CaC05(s)
Ca%* + 20H™ - Ca(OH),(s)

Proton consumption

l.‘.‘

2H*(aq) + 2e~ - Hy(g) ‘ ‘ Protective layer ‘

I CC¢ ¢ et

Metal Surface

Figure 5. Schematic of calcium carbonate physical barrier
formation on the steel surface.

Modification of the Corrosion Product Layer:

The addition of eggshell components may alter the
structure and properties of the corrosion product layer,
making it more stable, denser, and less prone to crack-
ing or detachment. This is consistent with the increased
surface hardness observed in the presence of the in-
hibitor, particularly in acid. A mechanically stable
layer resists detachment caused by flow or abrasion,
thereby decreasing the likelihood of further exposure
and metal loss.

Potential Scavenging of corrosion aggressive
Ions:

Calcium ions released from eggshell powder may inter-
act with free chloride ions in solution, reducing their
activity and helping prevent localized attack, such as
pitting.

Corrosion inhibition through a scavenging mech-
anism may have contributed specifically to the brine
experiment, where the high concentration of chloride
ions likely interacted with calcium ions released from
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the eggshell powder. Once aggressive anions are scav-
enged, their ability to disrupt passive films or initiate
localized corrosion is reduced. In addition, excess Ca?*
in solution may lead to the formation of slightly soluble
calcium species, such as calcium chloride complexes or
calcium carbonate, depending on pH and carbonate
availability. Figure 6 illustrates the corrosion inhibition
mechanism involving chloride ions and calcium ions
acting as scavengers.

<
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Figure 6. Corrosion inhibition through a scavenging mech-
anism of Chloride ions by Calcium ions.

In summary, the combined effects of barrier forma-
tion and modification of the corrosion product layer
may account for the effective inhibition performance of
eggshell powder, particularly under acidic conditions.
By forming a more protective and mechanically sta-
ble surface film, eggshell-derived inhibitors can help
preserve steel integrity and slow corrosion progression,
supporting their potential application as a green cor-
rosion inhibition strategy in harsh environments.

4. Conclusions

The results of this experimental study demonstrate
that eggshell powder effectively inhibits the corrosion
of type N80 carbon steel, particularly under aggressive
acidic conditions. The notable reduction in corrosion
rate, supported by weight loss measurements, indi-
cates that eggshell powder substantially reduces metal
dissolution in 2 M HCI, achieving an inhibition effi-
ciency of 90%. This is an important finding, as acidic
environments pose a major challenge in several field
operations.

Micro-indentation analysis revealed negligible hard-
ness changes in brine, with values of 2.44 GPa for
unexposed steel, 2.28 GPa without the inhibitor, and
2.42 GPa with eggshell powder. In contrast, exposure
to 2 M HCI without protection reduced surface hard-
ness to 1.77 GPa in polished coupons and 0.22 GPa in
unpolished coupons. This low hardness indicates the
formation of a weak, poorly adherent corrosion layer
that can be removed easily, continually exposing fresh

steel to acid attack. The addition of eggshell powder
increased hardness to 2.07 and 2.32 GPa, confirming
the formation of a dense, well-bonded film that resisted
removal, limited further corrosion, and improved dura-
bility under abrasive or high-flow conditions.

The numerical simulation, which incorporated
Butler-Volmer kinetics and Langmuir adsorption
isotherms, reproduced the distinct behaviors observed
experimentally in both saline and acidic systems. The
agreement between simulated and experimental data
highlights the value of combining experimental tech-
niques with numerical analysis to understand and pro-
pose possible corrosion mechanisms.

Overall, the coupled effects of barrier formation,
corrosion product stabilization, and chloride ion scav-
enging collectively contributed to the inhibition per-
formance of eggshell powder. These findings position
eggshell powder as a viable candidate for future applica-
tion in corrosion control strategies for harsh industrial
environments.
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