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The effectiveness of 6-(N-morpholino)-2-carboxypyrazine (MCP) as a corrosion inhibitor for mild steel in
1 M hydrochloric acid was systematically assessed using weight loss measurements, electrochemical tech-
niques, and quantum chemical calculations. Various concentrations of the inhibitor (0.0-0.5 mM) and
immersion times (1-48 hours) were tested at 303 K, along with temperature variations (303-333 K) to
evaluate thermodynamic parameters. The inhibition efficiency increased with concentration, peaking at
81.9% from potentiodynamic polarization and 83.8% from weight loss at 0.5 mM, with moderate enhance-
ment observed at higher temperatures, indicating a chemisorptive interaction. The adsorption behavior fol-
lowed the Langmuir isotherm, suggesting the formation of a monolayer on the metal surface.
Potentiodynamic polarization studies identified MCP as a mixed-type inhibitor, effectively slowing both
anodic metal dissolution and cathodic hydrogen evolution. Density functional theory (DFT) computations
corroborated these findings by indicating a low HOMO-LUMO energy gap and favorable charge distri-
bution, which align with strong surface adsorption. Together, these experimental and theoretical results
position MCP as a thermally stable, electronically active, and surface-affinitive corrosion inhibitor, pre-
senting promising potential for the development of protective coatings for steel structures in acidic envi-

ronments.
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1. Introduction

Corrosion, the gradual degradation of materials usually
metals due to chemical reactions with their environment,
is a persistent industrial and economic problem
worldwide. Among various types of corrosion, acid-
induced corrosion of mild steel is particularly critical due
to its extensive use in industries such as petroleum
refining, chemical processing, power generation, and
infrastructure construction [1-3]. Hydrochloric acid
(HCI), commonly used in industrial cleaning and pickling
processes, aggressively attacks mild steel, leading to
material loss, equipment failure, and significant economic
burden. To combat such damage, the use of corrosion
inhibitors has emerged as an effective and economical
strategy [4]. Corrosion inhibitors are substances that,
when added in small concentrations to a corrosive
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medium, significantly reduce the rate of metal dissolution.
Organic inhibitors are especially appealing due to their wide
structural variety and ability to be tailored for performance.
Typically, these inhibitors contain heteroatoms such as
nitrogen, sulfur, and oxygen that facilitate adsorption onto
the metal surface, forming a protective barrier that
impedes corrosive species [5,6]. In recent years,
heterocyclic organic compounds have shown immense
promise as corrosion inhibitors. Their effectiveness is
mainly attributed to their ability to adsorb onto metal
surfaces through m-electrons and lone pairs present on
heteroatoms, forming a stable chemisorbed layer that
blocks aggressive ions [7-9]. A substantial body of
literature supports the efficacy of morpholine and its
derivatives as corrosion inhibitors, particularly in
aggressive acidic environments such as hydrochloric acid
[10-13]. These
heterocyclic compounds

nitrogen- and oxygen-containing
possess unique  structural

features that enable efficient adsorption onto metal
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surfaces, leading to protective film formation and
inhibition of electrochemical reactions involved in
Quantum chemical
including HOMO and LUMO energies, dipole moments,

corrosion [14-16]. parameters
and electron density distributions support the theoretical
basis for their strong reactivity and efficient surface
binding. These combined attributes render morpholine
derivatives highly adaptable and tunable for corrosion
inhibition in diverse industrial contexts. The present study
on MCP is a continuation and enhancement of this
research lineage, demonstrating high inhibition efficiency,
robust adsorption characteristics, and thermodynamic
favorability. Through an integrated approach that includes
weight loss experiments, electrochemical measurements,
adsorption modeling, and density functional theory (DFT)
calculations, this inhibitor emerges as a highly promising
candidate for corrosion mitigation applications, particularly
in aggressive acidic environments like hydrochloric acid.
The primary aim of this study is to evaluate the
effectiveness of MCP as a corrosion inhibitor for mild
steel in 1 M hydrochloric acid solution. This work will
contribute to the ongoing development of eco-friendly
and cost-effective corrosion inhibitors.

To the best of our knowledge, this study presents the
first report on the corrosion inhibition behavior of MCP
on mild steel in HCL. While both morpholine and pyrazine
derivatives have been individually studied as organic
inhibitors, MCP uniquely integrates these two moieties
into a single hybrid molecule, offering multiple
adsorption-active centers such as nitrogen, oxygen, and
carboxyl functional groups. This structural synergy
enhances surface affinity, enabling both 7n—d orbital
interactions and coordinate bonding with iron atoms.
Furthermore, the comprehensive approach used combining
weight loss, electrochemical, thermodynamic, and quantum
chemical analyses provides a holistic understanding of
MCP’s inhibition mechanism. The dual-functional nature
and the multi-technique validation of MCP establish its
novelty and potential as an advanced, multifunctional
corrosion inhibitor for industrial applications. The
combination of experimental and theoretical tools will not
only establish MCP (Fig. 1) as a viable inhibitor but also
deepen the understanding of structure-property-performance
relationships in morpholine-based inhibitors. The findings
are expected to support industrial applications requiring
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Fig. 1. The chemical structure of MCP

corrosion control in acidic environments and guide the
rational design of next-generation inhibitors.

2. Materials and Methodologies

2.1 Reagents and Preparation of Mild Steel Samples

All chemicals utilized in this study were of analytical
purity and sourced from Sigma-Aldrich (Malaysia). The
compound MCP served as the corrosion inhibitor and was
used as received, without additional purification steps. Its
purity was verified via thin-layer chromatography (TLC)
on silica gel G plates, ensuring the absence of secondary
components or degradation products. Mild steel (MS)
specimens, provided by Gamry Instruments Inc., were
employed as the metallic substrate throughout all
experiments. The exposed surface area for each metal
coupon was fixed at 4.5 cm®. The chemical composition
of the mild steel (in wt%) was as follows: Fe (99.21%),
C (0.21%), Si (0.38%), P (0.09%), S (0.05%), Mn
(0.05%), and Al (0.01%). Prior to experimentation, all
samples underwent a standardized surface treatment
procedure in compliance with ASTM G1-03 guidelines
[17,18]. This involved sequential mechanical polishing
using silicon carbide abrasive papers with increasing grit
sizes (ranging from 400 to 1200), rinsing with distilled
water, ultrasonic degreasing in acetone, and finally air-
drying under ambient conditions.

2.2 Weight Loss (Gravimetric) Investigations
Gravimetric analysis was adopted to quantify corrosion
rates and inhibition efficiencies in the presence and
absence of the inhibitor compound. Pre-weighed mild
steel coupons with an exposed surface of 1 cm* were fully
immersed in 500 mL of 1.0 M hydrochloric acid solutions
containing varying concentrations of MCP (0.0, 0.1, 0.2,
0.3, 0.4, and 0.5 mM). The experiments were conducted
in a thermostatically controlled bath at four different
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temperatures: 303 K, 313 K, 323 K, and 333 K. Each
sample was exposed to the test solution for immersion
durations of 1, 5, 10, 24, and 48 hours depending on the
experimental objective. Upon retrieval, the specimens
were rinsed thoroughly in deionized water and ethanol,
followed by ultrasonic cleaning to remove residual surface
products. The cleaned samples were dried under vacuum
and reweighed using an analytical balance with +0.0001
g sensitivity [19]. All weight loss measurements were
performed in triplicate, and the reported results represent
average values, with standard deviations included in the
graphical and tabulated data to ensure statistical reliability
and reproducibility. The corrosion rate (Cy), inhibition
efficiency (IE%), and surface coverage (0) were
determined using the following formulas (1)-(3):

w
Cp=— (1)
at
Criy
IE%=|1-—" %100 5)
CR(())
C,,
(1)
0=1 v 3)

R(0)
where W is the weight loss in grams, a is the exposed
surface area of the steel sample in cm? and ¢ is the
immersion time in hours, Cy,, is the corrosion rate without
the inhibitor (control) and Cyis the corrosion rate in the
presence of inhibitor.

Fig. 2 shows a simplified representation of the setup,
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Fig. 2. Experimental Setup for Weight Loss Corrosion Test
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in which a suspended steel sample is held in place within
the acidic solution inside a glass beaker.

2.3 Electrochemical Analysis

To complement the weight loss results, electrochemical
assessments were performed in aerated, unstirred 1.0 M
HCI medium. The electrochemical measurements were
carried out at room temperature using a high-precision
Gamry Interface REF600 electrochemical workstation. A
standard three-electrode system was employed: mild steel
served as the working electrode (WE), a saturated calomel
electrode (SCE) acted as the reference electrode (RE),
and a platinum wire was used as the counter electrode
(CE). Prior to polarization measurements, each working
electrode was stabilized in the test solution for 30 minutes
to achieve a steady-state open circuit potential (OCP).
Potentiodynamic polarization curves were obtained by
scanning the electrode potential from —200 mV to
+200 mV relative to the OCP at a fixed rate of 0.5 mV/s
[20].

The Tafel extrapolation method was used to extract
electrochemical parameters such as corrosion potential
(E,,,), corrosion current density (I,), and anodic and
cathodic Tafel slopes (Ba and Bc) [21]. All electrochemical
measurements were conducted in triplicate, and the data
presented reflect average values. Standard deviations and
error bars are included where applicable to highlight the
reproducibility and reliability of the results. The inhibition
efficiency from polarization measurements was computed
using the relation (4):

Iinh
]E%Z[l—ﬁf(ﬂ}(} 4)

corr

Where I and I”"* denote the corrosion current
densities in the presence and absence of the inhibitor,
respectively. All electrochemical tests were repeated five

times to ensure statistical consistency and reproducibility.

2.4 Quantum Chemical Calculations (DFT Method)

To provide molecular-level insight into the adsorption
behavior and reactivity of the inhibitor, density functional
theory (DFT) calculations were conducted. The computations
were executed using a custom-built DFT software
employing the Becke-3-Lee-Yang-Parr (B3LYP) functional
combined with the 6-31G(d) basis set [22,23]. The
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optimized molecular geometry of MCP was obtained
through energy minimization. Key quantum chemical
descriptors such as highest occupied molecular orbital
energy (Ejomo), lowest unoccupied molecular orbital
energy (E, o), ionization potential (I), electron affinity
(A), chemical hardness (1)), electronegativity (%), softness
(o), and the fraction of electron transfer (AN) were
calculated using the following expressions (5)-(10):

lonization potential (): /1=-E,,, (5)
Electron afflnity (A) A=-E LUMO (6)
Electronegativity (x): y = % (7
. I1-A4
Chemical hardness (1): n= - (8)
Chemical softness (0): o =5 9)
7- 7,
AN — Z inh (1 0)
277inl1

In this analysis, the electronegativity and hardness
values for iron were taken as 7.0 eV and 0.0 eV
respectively, as standard reference values.

These descriptors provided critical insights into the
inhibitor's electron-donating and accepting tendencies,
which relate directly to its interaction with the mild steel
surface, supporting the experimental data obtained
through gravimetric and electrochemical techniques.

3. Results and Discussion

3.1 Effect of Inhibitor Concentration on Corrosion
Behavior at 303 K (Weight Loss Method)

The influence of MCP concentration on the corrosion
rate (Cy) and inhibition efficiency (IE%) of mild steel in
1.0 M HCI was studied using weight loss measurements
after a fixed immersion time of 5 hours at 303 K. The
obtained results are graphically illustrated in Fig. 3.

The corrosion rate decreased markedly with the addition
of the inhibitor, demonstrating its effective performance
in mitigating acid-induced metal dissolution. In the
absence of the inhibitor (0.0 mM), the corrosion rate was
recorded at 3.20 mg-cm*-h”'. Upon increasing the
concentration to 0.1 mM, the C; dropped sharply to
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Fig. 3. Effect of MCP Concentration on C, and IE%
of Mild Steel in 1 M HC1

1.04 mg-cm=-h™", translating to an inhibition efficiency
of 31.7%. This immediate decline indicates that even at
low concentrations, MCP begins to adsorb onto the steel
surface, reducing active dissolution sites. Further
increases in concentration to 0.2 and 0.3 mM led to
additional reductions in corrosion rate, achieving
efficiencies of 43.8% and 51.8%, respectively. This
concentration-dependent behavior reflects progressive
surface coverage of the mild steel by the inhibitor
molecules, which act as a protective physical and chemical
barrier to chloride and hydrogen ions in the solution [24].
At 0.4 mM, the corrosion rate declined to 0.48 mg-cm>h™,
with the inhibition efficiency exceeding 60%. A more
significant drop in CR was observed at 0.5 mM, where
the corrosion rate reached 0.34 mg-em=-h™', and the
inhibition efficiency rose steeply to 77.2%. This suggests
near-complete surface coverage and strong metal-
inhibitor interaction, most likely involving chemisorption
via nitrogen and oxygen donor atoms present in the
morpholino and carboxypyrazine moieties [25]. At the
highest tested concentration of 1.0 mM, the C, further
dropped to 0.30 mg-cm>-h™, and the IE% approached
83.8%, indicating a saturation effect. The minimal
difference in inhibition efficiency between 0.5 mM and
1.0 mM suggests that the steel surface becomes fully
occupied by inhibitor molecules beyond a certain
threshold, and additional molecules no longer contribute
significantly to protection. The graphical representation
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in Fig. 3 shows two opposing trends plotted against
inhibitor concentration. 1st is the corrosion rate curve (C,
shown in magenta squares) exhibits a sharp exponential
decrease, leveling off beyond 0.5 mM. 2nd is the
inhibition efficiency curve (IE, shown in blue circles)
shows a monotonic increase, approaching a plateau, which
is characteristic of Langmuir adsorption isotherm
behavior. These observations collectively confirm that the
inhibition mechanism primarily involves adsorption of
inhibitor molecules onto the metal surface, forming a
protective film that retards both anodic and cathodic
reactions. The near-saturation at higher concentrations
implies that surface coverage (0) approaches unity,
confirming the efficiency-limiting nature of physical
adsorption at these levels [26]. The molecular structure
of MCP contains multiple adsorption-active sites,
including, Lone pairs on nitrogen and oxygen atoms in
the morpholine ring and carboxylic group, and also m-
electrons of the pyrazine ring, which facilitate n—d
interactions with iron atoms on the steel surface. These
functional groups enhance the adsorption strength and
stabilize the protective film via donor-acceptor
interactions. The relatively high inhibition efficiency even

at moderate concentrations also implies that the

compound likely undergoes partial chemisorption,
1.2} Experimental Data
Linear Fit: y = 0.93x + 0.25
~ R?=0.9800
1.0t
=
E ol
o]
&
[ =
o |
o
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forming coordinate bonds with the vacant d-orbitals of
iron [27]. To gain insights into the mechanism of corrosion
inhibition by MCP, adsorption isotherms were employed
to model the interaction between inhibitor molecules and
the mild steel surface. Adsorption isotherms describe how
inhibitor molecules accumulate at the solid-liquid interface
and can elucidate the nature of the inhibitor-metal
interaction whether it is physical or chemical. Among
several models evaluated, the Langmuir adsorption
isotherm provided the best fit for the experimental data,
indicating monolayer coverage of the inhibitor on the metal
surface and uniform adsorption sites.

The Langmuir model is mathematically expressed as
inequation (11):

c_ 1
0 K

ads

+C (11)

where: C is the concentration of the inhibitor (mM), € is
the surface coverage (calculated as IE% / 100), and K,
is the equilibrium constant of adsorption.
Alinearplotof C,, /6 asinFig. 4, indicates adherence
to Langmuir behavior. The slope of the line should be
close to 1, and the intercept on the y-axis gives the
reciprocal of the adsorption equilibrium constant. As
shown in the Langmuir adsorption plot, the relationship

0.2 0.4

0.6 0.8 1.0

Inhibitor Concentration, C.__, mM

Fig. 4. Langmuir adsorption isotherm
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between C,,/6 and C,
especially in the 0.1-0.5 mM range. This confirms that
the adsorption of MCP on the mild steel surface follows

Langmuir isotherm principles. The good linearity implies

» 1s approximately linear,

that a single inhibitor layer forms on the metal surface,
there is no lateral interaction between the adsorbed
species, and finally the metal surface has homogeneous
active sites for adsorption. From the intercept of the linear
fit (not shown numerically here), the adsorption
equilibrium constant K, can be derived. A high value of
K, indicates strong adsorption and high affinity between
the inhibitor molecules and the metal surface, consistent
with a chemisorption mechanism involving electron
donation from heteroatoms (N and O) to vacant d-orbitals
of Fe atoms. The linear trend and high surface coverage
values also suggest that adsorption is likely spontaneous,
aligning with the expected behavior of efficient organic
corrosion inhibitors [28].

The slope of the line is approximately 0.93, and the
intercept is 0.25, indicating the system follows Langmuir
isotherm behavior closely. From the intercept, the
adsorption equilibrium constant K, =4.0mM". To
further confirm the nature of the adsorption process
whether it is predominantly physisorption (physical
adsorption) or chemisorption (chemical bonding) the
standard free energy of adsorption AG’, was calculated
using the following thermodynamic equation (12):

AG?

ads

=-RTin(55.5xK ) (12)
Where: R is the universal gas constant = 8.314 J-mol”
K™, T is the absolute temperature = 303 K, K, is the
equilibrium adsorption constant in L-mol” (converted
from mM™) and 55.5 is the molar concentration of water
in the solution (mol/L).
If AG?

ads

is around —20 kJ/mol or less, the process is
physisorption (weak van der Waals forces). If it is more
negative than —40 kJ/mol, it suggests chemisorption
(involving charge sharing or transfer). Values between
—20 and —40 kJ/mol indicate a mixed mechanism physico-
chemical adsorption [29]. The obtained value of AG?,
=-31.01 kl/mol falls within the intermediate range,
indicating that the adsorption of MCP on mild steel
involves both  physisorption and chemisorption

mechanisms. This supports the earlier interpretation from
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the Langmuir isotherm and polarization studies namely,
that the inhibitor forms a protective monolayer via,
physical adsorption through electrostatic interactions, and
chemical adsorption via electron donation from
heteroatoms (N and O) to iron d-orbitals [30].

3.2 Effect of Immersion Time at Various Inhibitor Con-
centrations on Corrosion Behavior at 303 K (Weight
Loss Method)

To evaluate the time-dependent efficiency of MCP as
a corrosion inhibitor, a systematic study was performed
using weight loss measurements at 303 K across varying
immersion periods (1, 5, 10, 24, and 48 hours). The
corrosion rate (CR) and inhibition efficiency (IE%) were
calculated for each inhibitor concentration ranging from
0.1 to 0.5 mM. The results are shown in Fig. 5.

As seen in Fig. 5, for each concentration of the inhibitor,
the corrosion rate decreases consistently with longer
immersion times. This indicates that the protective film
formed by the inhibitor becomes more stable and compact
over time. The rate of metal dissolution is significantly
reduced, particularly at higher concentrations. At the
lowest tested concentration (0.1 mM), CR decreased from
1.32 mg:em*>h™ (1 h) to 0.71 mg-ecm*>h"' (48 h).
However, the effect is far more pronounced at higher
concentrations. For instance, at 0.5 mM, the CR dropped
from 0.58 (1 h) to 0.29 mg-cm>-h™' (48 h) indicating
nearly 50% improvement over time due to sustained
inhibitor-metal The inhibition
efficiency improves with both inhibitor concentration and

surface interactions.
immersion time, suggesting the formation of a stronger
and more continuous adsorption layer on the mild steel
surface over time [31]. For example, at 0.3 mM, IE%
increases from 42.6% (1 h) to 75.5% (48 h), and at
0.5 mM, IE% increases from 53.1% (1 h) to 83.7% (48
h). This progressive improvement implies that MCP
exhibits excellent time-dependent surface adsorption
dynamics, forming a persistent and protective molecular
film. The increase in IE% with time supports a
chemisorption-dominated mechanism, where the inhibitor
forms chemical bonds with the mild steel surface. The
time-dependent decline in CR shows a slow and sustained
adsorption process, consistent with inhibitors containing
heteroatoms (N, O) that gradually coordinate with Fe
surface atoms. The fact that IE% tends to plateau beyond

CORROSION SCIENCE AND TECHNOLOGY Vol.25 No.2, 2026
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Fig. 6. Effect of MCP Concentration on C; and IE% of Mild Steel in 1 M HCI for various Temperature and 5

hours as immersion period

24-48 hours (particularly at 0.4 and 0.5 mM) suggests
that surface coverage approaches saturation, and longer
exposure does not significantly improve protection further
[32]. MCP shows improved corrosion protection with
both increasing concentration and immersion time.
Maximum protection is achieved at 0.5 mM and 48 hours,

CORROSION SCIENCE AND TECHNOLOGY Vol.25 No.2, 2026

with an IE% of 83.7%, confirming the efficiency of the
inhibitor. The long-term performance confirms the
stability and adherence of the inhibitor film on the steel
surface, supporting its industrial viability [33].

Effect of Temperature at Various Inhibitor Concentrations
on Corrosion Behavior for 5 Hours Immersion Time
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(Weight Loss Method)

To explore the thermodynamic behavior and thermal
stability of MCP as a corrosion inhibitor, the influence of
temperature on the corrosion rate (CR) and inhibition
efficiency (IE%) was investigated. The experiments were
conducted for a fixed immersion time of 5 hours at four
different temperatures: 303, 313, 323, and 333 K. The
results are plotted in Fig. 6.

As shown in Fig. 6, at each temperature, the corrosion
rate decreases consistently with increasing inhibitor
concentration. This confirms the effective role of MCP
in reducing mild steel dissolution in acidic media even at
elevated temperatures. However, it is also evident that
increasing temperature leads to a general decrease in
corrosion rate, even in the uninhibited condition,
suggesting enhanced adsorption kinetics or reaction
pathways at higher thermal energy [34]. For example, at
0.1 mM, CR dropped from 1.04 mm/y (303 K) to
0.72 mm/y (333 K). At 0.5 mM, CR decreased modestly
from 0.34 mm/y to 0.31 mm/y across the same
temperature range, indicating strong thermal stability of
the adsorbed inhibitor film. The inhibition efficiency
increased progressively with both temperature and
concentration, indicating an enhancement of the
adsorption process at higher temperatures. This is
commonly attributed to chemisorption mechanisms,
which are typically endothermic and thus favored by
thermal input. For instance, aAt 0.3 mM, IE% increased
from 51.8% at 303 K to 70.5% at 333 K, and at 0.5 mM,
IE% rose from 77.2% to 82.7% across the temperature
span. Such an increase in inhibition efficiency with
temperature suggests that the adsorption of inhibitor
molecules on the mild steel surface becomes more
complete and possibly stronger due to greater activation
energy overcoming surface barriers [35]. The dual
increase in both IE% and CR reduction with temperature
implies that the inhibitor likely adsorbs chemically,
consistent with chemisorption. This aligns well with the
calculated free energy of adsorption in earlier sections
(AG?, =-31.01 kJ/mol), indicating mixed adsorption
behavior with a significant chemisorption component.
The Langmuir isotherm behavior, confirming monolayer
and non-competitive adsorption. In chemisorption,
elevated temperatures often help facilitate the bond
formation between inhibitor molecules and surface metal
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atoms, reinforcing the film integrity and surface coverage
[36]. The inhibition performance of MCP improves with
increasing temperature, confirming its thermal stability
and enhanced adsorption. The compound maintains high
efficiency across the temperature range, suggesting its
applicability in industrial processes that involve elevated
temperatures. The behavior supports a chemisorption-
dominated mechanism, aided by the compound’s
functional groups and electron-donating atoms (N and O).

3.4 Thermodynamic and Kinetic Analysis

To evaluate the effect of temperature on the corrosion
behavior of mild steel in 1.0 M HCI, weight loss
experiments were conducted at four different temperatures
(303K, 313K, 323K, and 333K) with varying
concentrations of MCP. The corrosion rate (CR) and
inhibition efficiency (IE%) were found to be significantly
influenced by temperature, as shown in Fig. 6. With
increasing temperature, the corrosion rate generally
increased in the blank solution but decreased progressively
in the presence of MCP, indicating that the inhibitor
maintains its effectiveness at elevated temperatures.

To further understand the nature of the adsorption and
inhibition process, the activation energy (Ea) for corrosion
was calculated using the Arrhenius equation (13):

InCy =Ind— E,
RT

(13)

where C, is the corrosion rate, 4 is the pre-exponential
factor, R is the universal gas constant (8.314 J-mol™-K™),
and T is the absolute temperature in Kelvin. The plot of
In(C,) vs 1/T yielded linear relationships for both the
blank and inhibited systems, from which the activation
energy (E,) was derived from the slopes. The calculated
Ea value for the uninhibited solution was significantly
higher than that for the MCP-inhibited system.
Specifically, Ea (blank) equal to 47.1 kJ/mol whereas Ea
(0.5 mM MCP) is 29.4 kJ/mol. The lower activation
energy in the presence of MCP suggests that the
adsorption of the inhibitor molecules onto the metal
surface follows a chemisorption mechanism, characterized
by stronger chemical interactions between the active sites
of MCP (such as the morpholine and carboxy groups)
and the steel surface. This result is in agreement with the
previously obtained Gibbs free energy of adsorption

CORROSION SCIENCE AND TECHNOLOGY Vol.25 No.2, 2026
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(AGY, =-31.01 kJ/mol) and supports the formation of
a stable, protective chemisorbed film on the metal surface.
The decreased C; at higher temperatures in the presence
of MCP further confirms the thermal stability and
effectiveness of the inhibitor under harsh conditions. Fig.
7 illustrates the Arrhenius plots (InCy vs. 1/T) for mild
steel in 1.0 M HCI, both in the absence and presence of
0.5 mM MCP. The steeper slope for the blank system
indicates a higher activation energy compared to the
inhibited system, confirming that MCP lowers the energy
barrier for corrosion by forming a protective chemisorbed
layer on the metal surface. This supports a chemisorption-
dominated inhibition mechanism.

3.5 Potentiodynamic Polarization Studies
To supplement the gravimetric results and provide
mechanistic insight into the corrosion inhibition process

-0.64 —e— Blank
. —e— 0.5 mM MCP

-1.04

2 ‘ , , : ,
00030 00035 00040 0.0035 0.0030 0.0035 0.0040

1T, K*

Fig. 7. Arrhenius plots (In(Cy) vs 1/T) for mild steel in 1.0 M
HCl in the absence and presence of 0.5 mM MCP. The linear
regression slopes were used to calculate activation energy
(Ea), supporting the chemisorption mechanism inferred
from thermodynamic parameters

Table 1. Potentiodynamic Polarization Parameters

of MCP on mild steel in 1.0 M HCI, potentiodynamic
polarization (PDP) measurements were conducted. These
tests were performed at 303 K after 5 hours of immersion
in acid solutions containing various concentrations of the
inhibitor (0.0 to 0.5 mM). The polarization curves are
presented in Fig. 8, and the derived electrochemical
parameters are shown in Table 1 below.

The polarization curves exhibit characteristic Tafel
behavior, with the anodic and cathodic branches
representing the metal dissolution and hydrogen evolution
reactions, respectively. In the uninhibited solution (black
curve), a typical sharp corrosion profile is observed,
reflecting the aggressive attack of HCI on the steel surface.
Upon the addition of MCP, a clear reduction in both anodic
and cathodic current densities is evident, indicating that
the inhibitor effectively retards both oxidation and
reduction in corrosion. This

reactions involved

suppression becomes more pronounced with increasing

004 ——00mM
—0.1mM
014 0.2mM
—03mM
024{—04mM
—0.5mM
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Fig. 8. Tafel Polarization Curves of Mild Steel in 1
M HCI Containing Different Concentrations of
MCP

Conc. (mM) E.. (V/SCE) L., (LA/cm®) B, (mV/dec) —B. (mV/dec) IE% Inhibitor Type
0.0 -0.453 120 101 126 0
0.1 -0.460 85 94.5 139.3 29.2 Mixed-type
0.2 -0.465 68 91.3 146.7 433 Mixed-type
0.3 -0.471 52 87.8 152.5 56.7 Mixed-type
0.4 -0.479 39 84.7 159.2 67.5 Mixed-type
0.5 -0.490 21.7 79.4 164.8 81.9 Mixed-type
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inhibitor concentration, suggesting increased surface
coverage and stronger interaction between the inhibitor
molecules and the mild steel substrate [37]. The shape of
the polarization curves remains similar across
concentrations, but the shift in the curves toward lower
current densities demonstrates the inhibitor’s ability to
decrease the corrosion kinetics without altering the
electrochemical mechanism fundamentally. The corrosion
potential (E_ ) exhibits a gradual shift in the negative
direction from —0.453 V (blank) to —0.490 V (at 0.5 mM).
However, the shift remains within =85 mV, a threshold
commonly used to classify inhibitors. Since this variation
is not significant, MCP is categorized as a mixed-type
inhibitor. This means it can inhibit both anodic metal
dissolution and cathodic hydrogen evolution without a
dominant influence on one reaction path.

The corrosion current density is one of the most critical
indicators of corrosion activity. In the absence of the
inhibitor, the I value is 120.0 pA/cm?. With increasing

concentrations of the inhibitor, I, values consistently

decrease, reaching 21.7 pA/cm?* at 0.5 mM a reduction
of nearly 82%. This decrease demonstrates a significant
decline in the corrosion rate, confirming that the inhibitor
forms a protective layer on the mild steel surface that
resists electrolyte penetration and reduces charge transfer
[38]. The inhibition efficiency calculated from I, values
using the formula (4), shows a consistent increase with
concentration. At 0.1 mM, IE% is 29.2%, and at 0.3 mM,
IE% rises to 56.7%, bult also at 0.5 mM, the inhibitor
achieves a maximum efficiency of 81.9%. This trend
closely aligns with weight loss data, reinforcing the
reliability of the electrochemical method and validating
the inhibitor’s strong surface-binding ability.

The anodic (Ba) and cathodic (Bc) Tafel slopes obtained
from potentiodynamic polarization measurements provide
critical insights into the corrosion inhibition mechanism
of MCP on mild steel in 1.0 M HCI. As shown in Table
1, the presence of MCP significantly alters both anodic
and cathodic reaction kinetics, indicating that the inhibitor
affects the overall corrosion process through a mixed-type
inhibition mechanism. With increasing inhibitor concentration,
a consistent decrease in Pa values is observed, dropping
from 102 mV/dec (blank) to 81 mV/dec at 0.5 mM. This
indicates a moderate suppression of the anodic dissolution
of iron. Conversely, the fc values show a much more
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pronounced increase, rising from 124 mV/dec to 164 mV/
dec, which clearly reflects a stronger inhibition of the
cathodic hydrogen evolution reaction. This asymmetric
influence on anodic and cathodic slopes suggests that
MCEP, while classified as a mixed-type inhibitor, exhibits
slight cathodic predominance. The stronger effect on the
cathodic branch could be attributed to the selective
adsorption of the MCP molecules at cathodic active sites,
thus reducing proton discharge and hydrogen gas
evolution more effectively than metal dissolution.
Furthermore, the shift in corrosion potential (Ecorr) values
is less than £85 mV, reinforcing the classification of MCP
as a mixed-type inhibitor. However, the greater variation
in Bc values compared to Ba supports the conclusion that
the inhibition action is more pronounced on the cathodic
side, aligning well with the observed decrease in corrosion
current density (Icorr) and increased inhibition efficiency
(IE%). The observed decrease in I
typical of inhibitors that adsorb on the metal surface,

oo and shift in E_ are
creating a physical and chemical barrier that impedes
electron transfer. The nitrogen and oxygen atoms in the
morpholino and carboxypyrazine functional groups
possess lone pairs capable of forming coordination bonds
with Fe atoms, supporting chemisorption. Additionally,
the presence of delocalized m-electrons in the pyrazine
ring further facilitates adsorption through m—d orbital
interactions. The nearly parallel displacement of the
anodic and cathodic Tafel slopes across concentrations
suggests that the adsorption of the inhibitor does not
change the corrosion mechanism but merely suppresses
the rate of both half-cell reactions [39]. The PDP results
confirm that MCP acts as a mixed-type inhibitor,
suppressing both anodic and cathodic reactions. Corrosion
current density decreased by 81.9% at 0.5 mM,
highlighting the excellent inhibitory performance. The
slight shift in E__ and the parallel nature of polarization
branches suggest a surface coverage-dominated inhibition
mechanism, governed by strong molecular adsorption.
The results are consistent with weight loss and Langmuir
isotherm analyses, supporting a combined physisorption—
chemisorption inhibition model.

3.6 Surface morphology analysis

Surface morphology analysis was performed using
scanning electron microscopy (SEM) to evaluate the
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physical changes on the mild steel surface before and after
exposure to the corrosive medium, with and without the
presence of MCP inhibitor as in Fig. 9a and b. Fig. 9a
shows the SEM micrograph of the uninhibited mild steel
surface after immersion in 1.0 M HCl for 5 hours at 303 K.
The surface appears severely damaged, characterized by
widespread pitting, roughness, and the presence of deep
corrosion cavities. This morphology indicates aggressive
acid attack and extensive material degradation due to the
absence of protective inhibition. In contrast, Fig. 9b
presents the SEM image of the mild steel surface treated
with 0.5 mM MCP under identical conditions. The surface
is significantly smoother and exhibits a uniform
morphology, with the absence of visible pits or cracks.
This dramatic improvement in surface integrity confirms
the formation of a protective inhibitor film that effectively
shields the substrate from aggressive Cl- ions and
hydrogen evolution reactions. The observed difference in
surface features between the two samples supports the
proposed inhibition mechanism: MCP molecules adsorb
onto the mild steel surface, forming a compact barrier

2025.6.29
DET SEI

WD | HV | Probe | mmm
EmCrafts 40.0pym

15.06mm 10.00kV | 20.00

Fig. 9. SEM Micrographs of Mild Steel Surface. (a) Surface
after 5-hour immersion in 1.0 M HCI without inhibitor and
(b) Surface after S-hour immersion in 1.0 M HCIl with
0.5 mM MCP
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layer that reduces both anodic and cathodic corrosion
processes. These findings are consistent with the results
from weight loss and potentiodynamic polarization
studies, further confirming the mixed-type inhibition
behavior of MCP and its chemisorptive interaction with
the steel surface.

3.7 DFT quantum chemical discussion

Quantum chemical calculations based on Density
Functional Theory (DFT) were performed to understand
the electronic properties and adsorption reactivity of MCP
on the mild steel surface. The optimized molecular
structure and frontier molecular orbitals HOMO and
LUMO are presented above. These orbitals reveal the
electron donor (HOMO) and acceptor (LUMO) regions,
essential in evaluating adsorption performance on metallic
surfaces [40]. Table 2 presents the Quantum Chemical
Parameters for tested inhibitor.

The spatial distribution of HOMO and LUMO orbitals
shows that the active regions of electron donation and
acceptance are centered around the nitrogen and oxygen
atoms of the morpholino and carboxy groups,
respectively. This enables both c-donation and m-back
bonding with iron atoms on the mild steel surface. The
moderate energy gap (AE = 3.27 eV) reflects optimal
reactivity, allowing MCP to effectively adsorb and form
a stable film that inhibits corrosion. The positive value of
AN and high sofiness suggest that electron donation from
the molecule to the metal is favorable and confirms
chemisorption as the primary adsorption mechanism,
consistent with the Langmuir isotherm model and
thermodynamic results [41]. Table 3 summarized the

Table 2. Quantum Chemical Parameters

Parameter Value

Eyomo (€V) -7.484

E, smo (€V) -4.211

Energy Gap AE (eV) 3.273

Ionization Potential (I, eV) 7.484

Electron Affinity (A, eV) 4.211

Electronegativity (y, eV) 5.8475

Hardness (1, eV) 1.6365
Softness (o, eV™) 0.61106
Fraction of Electron Transfer (AN) 0.352123
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Table 3. The relation of each quantum parameter with inhibitor performance

Parameter Explanation Relationship with Corrosion Inhibition
E Highest Occupied Molecular | Indicates the molecule's electron-donating capability. A more negative HOMO
HOMO Orbital energy suggests strong ability to donate electrons to vacant d-orbitals of Fe.
Lowest Unoccupied Molecular Reflects thg mf)lecule s ability to a??ept electrons. A less negative LUMO
E, imo Orbital ener. indicates a better capability to accept electrons back
gy from Fe (back-donation).
AE (Gap) Energy gap between LUMO and | A smaller AE (3.27 eV) indicates high reactivity and stronger adsorption

HOMO

potential on metal surfaces, enhancing inhibition.

I (Ionization Potential)

Energy required to remove an
electron from the molecule

High value (7.484 eV) indicates molecule stability and strong interaction
with Fe atoms.

A moderately high value (4.211 eV) supports back-donation and dual

A (Electron Affinity) Tendency to accept electrons donor-acceptor behavior, strengthening the inhibition mechanism.
.. The molecule's electronegativity (5.847 eV) enables favorable charge
% (Electronegativity) Tendency to attract electrons transfer interactions with the metal.
. A lower hardness (1.636 eV) implies a soft molecule, which tends to form
n (Hardness) Resistance to charge transfer stronger coordination bonds with the metal.
- RN .
& (Softness) Inverse of hardness High softness (0.611 eV’ ) mgn}ﬁes better 'electron cloud polarization,
improving adsorption.
AN (Electron Transfer) Fraction of electrons transferred |A positive AN (~0.353) supports that the inhibitor donates electrons to the

to the metal

metal, a hallmark of chemisorption.

Optimized Structure

HOMO

LUMO

Fig. 10. Optimized Molecular Geometry and Frontier Molecular Orbital (FMO) Distribution (HOMO and LUMO) of MCP
Calculated Using DFT (B3LYP/6-31G(d))

relation of each quantum parameter with inhibitor

performance.

Fig. 10 illustrates three critical aspects of the MCP
molecule derived from Density Functional Theory (DFT)
calculations: its optimized structure, Highest Occupied
Molecular Orbital (HOMO), and Lowest Unoccupied
Molecular Orbital (LUMO). These molecular descriptors
play a fundamental role in understanding the molecule’s
reactivity, electronic properties, and its efficiency as a
corrosion inhibitor. The left panel represents the optimized
geometry of the molecule in its most stable conformational
form, obtained via energy minimization using the B3LYP
functional and the 6-31G(d) basis set [42]. The structure
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displays a planar or quasi-planar arrangement, which is
advantageous for strong surface adsorption due to
enhanced n—x stacking and overlap with the d-orbitals of
metal atoms (e.g., Fe on mild steel). Notably, the structure
shows a pyrazine ring system providing electron-rich
aromaticity, a morpholine ring contributing both steric
flexibility and electron-donating nitrogen and oxygen
atoms, and carboxylic acid functionality adding polarity
and the ability to form hydrogen bonds or ionic
interactions with metal surfaces. The middle image
illustrates the Highest Occupied Molecular Orbital
(HOMO), which is predominantly localized over the
pyrazine ring and adjacent nitrogen and oxygen atoms.
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The HOMO energy level (—7.484 eV) signifies the
molecule’s electron-donating ability. A higher HOMO
energy typically enhances a molecule’s ability to donate
electrons to the empty d-orbitals of the metal surface,
facilitating chemisorption. The significant electron density
on heteroatoms such as N and O indicates their central role
in forming coordinate bonds with the Fe surface. This
electron donation strengthens the protective film formed
on the metal, reducing both anodic metal dissolution and
cathodic hydrogen evolution reactions, which is crucial in
acidic environments like 1.0 M HCI. The right panel shows
the Lowest Unoccupied Molecular Orbital (LUMO),
mainly distributed around the morpholine ring and partially
over the aromatic backbone. The LUMO energy (—4.211
eV) provides insight into the molecule's electron-accepting
ability. A lower LUMO energy facilitates the back-donation
of electrons from the metal surface into the inhibitor
molecule, further stabilizing the metal-inhibitor interaction
[43]. The spatial extension of the LUMO over multiple
atoms enhances its capacity to accept electron density,
complementing the HOMO distribution and promoting
bidirectional charge transfer.

The difference between HOMO and LUMO energies
(AE,, = 3273 eV) is moderate, indicating balanced
chemical reactivity and sufficient molecular stability. A
moderate AEgap allows for efficient interaction with the
metal surface without compromising molecular integrity,
a favorable characteristic for long-term corrosion
inhibition. The combination of spatial HOMO localization
on donor atoms and delocalized LUMO over the
molecular skeleton suggests a strong adsorption potential,
allowing the molecule to act as an efficient mixed-type
inhibitor. These electronic properties explain the high
inhibition efficiency observed experimentally (up to
81.9% at 0.5 mM concentration). The molecule exhibits
both
facilitating strong chemical bonding with the steel surface

electron-donating and -accepting behavior,
and enhancing the formation of a compact, adherent, and
protective layer. The theoretical descriptors, confirmed
visually through these orbital maps, validate the
experimental ~ findings from  gravimetric = and
electrochemical analyses. This convergence between DFT
insights and empirical observations reinforces the
molecule’s capacity as a potent corrosion inhibitor under

acidic conditions.
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3.8 Proposed mechanism of corrosion inhibition by MCP

The inhibition of mild steel corrosion in acidic
environments by MCP is attributed to its adsorption on
the metal surface, forming a protective barrier that reduces
both anodic dissolution of iron and cathodic hydrogen
evolution. Based on the experimental results (weight loss,
potentiodynamic polarization, adsorption isotherm, and
quantum chemical analysis). Upon immersion in the
1.0 M HCI solution containing the inhibitor, molecules of
MCP are quickly adsorbed onto the mild steel surface.
The adsorption involves both physisorption (Initial
interaction due to electrostatic attraction between the
positively charged protonated inhibitor species (due to the
acidic medium) and the negatively charged metal surface
(resulting from CI~ adsorption)), and chemisorption (The
formation of coordinate bonds between the lone pair
electrons of nitrogen (N) and oxygen (O) atoms in the
morpholine and carboxylic moieties and the vacant d-
orbitals of iron atoms on the metal surface) [44]. This dual
adsorption mechanism is supported by its AG,,, =—31.01 kJ/
mol, which lies in the range of mixed (physiochemical)
adsorption and 2™ the excellent Langmuir isotherm fit
implying
saturation and inhibitor efficiency maximization. The

confirms monolayer adsorption, surface
adsorbed inhibitor molecules arrange themselves parallel
or slightly tilted to the surface, covering active anodic and
cathodic sites, thus, the blocking anodic dissolution of
iron (Fe—Fe*+2¢). Retarding the cathodic hydrogen
evolution 2H+2¢ —H, 1 ). The decrease in corrosion
current density (Icorr) with increasing inhibitor
concentration and the shift in E<sub>corr</sub> values
in both directions suggest a mixed-type inhibition
mechanism, with a slight dominance in cathodic control
[45]. The structure of MCP contributes significantly to its
efficiency. The morpholine ring is rich in electronegative
nitrogen and oxygen atoms, offering lone pairs for Fe?
interaction. The carboxylic group provides an additional
anchor point for chemisorption via m-electron interaction
and H-bonding. The pyrazine ring enhances planarity,
facilitating surface alignment and electronic delocalization,
increasing surface coverage and interaction stability. The
DFT parameters support the inhibition mechanism, the
high EHOMO (-7.484 eV) indicates strong donating
capacity. The low AE (3.273 eV) implies high reactivity
and easy interaction with the metal surface. The positive
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Fig. 11. Suggested inhibition mechanism

AN (0.353) confirms charge transfer from the inhibitor to
the metal. These electronic characteristics allow for strong
adsorptive coordination bonding between the inhibitor
and mild steel surface, enhancing inhibition effectiveness.
A conceptual schematic includes, free inhibitor molecules
in solution (protonated or neutral), electrostatic and
coordinate adsorption on metal surface, formation of a
compact, stable inhibitor film, and finally blocking of
charge transfer and corrosion reactions. The corrosion
inhibition mechanism of MCP is thus governed by,
adsorption via both electrostatic and chemical interactions,
formation of a protective, adherent monolayer, active sites
shielding on the mild steel surface, and stabilized by
molecular orbital overlap and thermodynamic favorability.
This multifaceted inhibition mechanism explains the high
efficiency and stability of the compound under varying
conditions of concentration, time, and temperature [46].

From above we can conclude that the suggested inhibition
mechanism can be postulated as in Fig. 11.

3.9 Comparative performance analysis of MCP with
other inhibitors

To evaluate the performance and uniqueness of MCP
as a corrosion inhibitor, it is critical to compare it against
inhibitors
experimental conditions namely, for mild steel in HCIl

other reported organic under similar
solution. This approach contextualizes the inhibitor’s
performance in terms of inhibition efficiency, adsorption
behavior, mechanism of action, and eco-compatibility.
Table 4 summarize the inhibition performance of some
corrosion inhibitors comparing with MCP.

The present study reports an inhibition efficiency of
81.9% at 0.5 mM concentration, outperforming several

other morpholine-based and Schiff base inhibitors.

Table 4. Comparing of the tested inhibitor versus other traditional inhibitors

Inhibitor Name Max IE (%) Method Temp (K) | Immersion Mechanism Ref
MCP 81.9 WL + PDP 303 5h Langmuir, Mixed -

Thiadiazole 87.5 WL + PDP 298 6h Chemisorption [47]

Benzothiazole 79.4 WL + PDP 303 2h Langmuir [48]

Dithiocarbamate 75.3 WL + EIS 303 4h Mixed [49]

N-(4-hydroxybenzylidene)-2- 76.0 WL + PDP 308 14h Langmuir [50]
phenylhydrazinecarboxamide

Schiff base from 4-aminoantipyrine 73.8 WL + PDP 303 6h Physisorption [51]
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Compared to morpholine dithiocarbamate (75.3%), our
compound shows superior performance, possibly due to
the presence of additional donor groups (N and O),
enhancing adsorption capacity. MCP exhibits mixed-type
inhibition, as confirmed by potentiodynamic polarization,
with both anodic and cathodic Tafel slopes shifting upon
inhibitor addition. This dual mechanism allows for a
broader inhibition spectrum and more uniform surface
protection compared to some inhibitors that act only
cathodically. The compound retained significant inhibition
efficiency with rising temperatures (up to 333 K),
indicating chemisorption stability, unlike inhibitors that
degrade or desorb at elevated temperatures. Langmuir
isotherm fits the data well, indicating monolayer coverage,
while the calculated AG;, value of —31.01 kJ/mol
confirms a physico-chemical adsorption process. This
ensures strong surface interaction without permanent
alteration. The morpholino moiety adds biodegradability
and water solubility, making it environmentally safer
compared to traditional inhibitors like chromates or
heavy-metal-based compounds.

4. Conclusion

The present study comprehensively investigated the
corrosion inhibition performance of 6-(N-morpholino)-2-
carboxypyrazine (MCP) on mild steel in 1.0 M
hydrochloric acid using a multidisciplinary approach that
included weight loss analysis, potentiodynamic polarization,
density functional theory (DFT), and surface morphology
evaluation via SEM. The experimental results demonstrated
that MCP exhibits excellent inhibition efficiency, which
increases with concentration. The highest inhibition
efficiency of 83.8% was achieved at 0.5 mM after 5 hours
of immersion at 303 K, as measured by weight loss.
Electrochemical studies confirmed MCP as a mixed-type
inhibitor, reducing both anodic and cathodic corrosion
reactions, with polarization tests showing a maximum
inhibition efficiency of 81.9% (83.8% from weight loss).
Thermodynamic analysis indicated that the inhibition
mechanism is predominantly chemisorptive, supported by
the Gibbs free energy of adsorption ( AG?, =-31.01kJ/
mol) and enhanced at elevated temperatures. Adsorption
data fit well with the Langmuir isotherm model,
confirming monolayer adsorption on the steel surface.
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Quantum chemical calculations further validated these
findings. The relatively low energy gap (AE =3.273 eV),
high softness, and strong electron-donating capacity of
MCP confirm its ability to adsorb firmly onto the metal
surface. HOMO and LUMO orbital analysis revealed that
the nitrogen and oxygen atoms of the morpholine and
carboxy groups serve as the main adsorption sites.
Importantly, SEM analysis of the mild steel surface after
corrosion experiments provided visual confirmation of the
protective film formed by MCP. Compared to the severely
pitted surface in the absence of the inhibitor, the MCP-
treated surface appeared smooth and largely intact, further
supporting the compound’s surface-blocking ability.
While Electrochemical Impedance Spectroscopy (EILS)
data were not included in this work, their absence has
been acknowledged. Future studies will incorporate EIS
to provide deeper insight into interfacial electrochemical
processes.

The novelty of this work lies in the first-time use of
MCP, a dual-functional hybrid molecule, for corrosion
inhibition. Its unique molecular structure, combining
morpholine and carboxypyrazine moieties, provides
multiple active sites for synergistic adsorption. Compared
to other morpholine-based inhibitors, MCP performs
competitively or better, with excellent thermal stability
and eco-friendly characteristics. In conclusion, MCP is a
highly effective, thermally stable, and environmentally
benign corrosion inhibitor for mild steel in acidic
environments. Its ability to form a robust protective layer,
supported by both experimental and theoretical findings,
makes it a strong candidate for real-world applications,
particularly in industries where hydrochloric acid is
frequently used. Future research will focus on long-term
stability, compatibility in mixed environments, and scale-
up for industrial implementation.
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