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a Alkarkh University of Science, College of Energy and Environment Sciences, Baghdad, Iraq
b Al-Karkh University of Science, Baghdad, Iraq

ABSTRACT

Corrosion leads to global economic losses exceeding $2.5 trillion annually and accounts for up to 30% of in-
frastructure failures. Conventional corrosion inhibitors face limitations such as aquatic toxicity (LC50 <100 mg/L),
moderate efficiencies (65–82%), and poor long-term durability (<500 hours). This review critically evaluates hybrid
organic–inorganic corrosion inhibitors, focusing on their composition, mechanisms, performance metrics, and eco-safety.
Hybrid systems comprising organic molecules integrated with inorganic matrices like sol–gel networks, nanocomposites,
and layered double hydroxides (LDHs) demonstrate enhanced functionality through barrier effects, self-healing, and
controlled release. These materials achieve inhibition efficiencies of 88–98.5%, outperforming conventional systems by
18–35%. Sol–gel coatings protect carbon steel at 92–98% efficiency in 3.5% NaCl, while LDHs sustain 94–97% protection
over 1200–1500 hours. Nanocomposites reduce corrosion rates from 0.95 mm/year to 0.002–0.004 mm/year. Electro-
chemical techniques (EIS, PDP) show increased charge transfer resistance (500–2500 �·cm2) and coating resistance up
to 108 �·cm2. Surface analysis reveals smoother films (Ra = 15–35 nm), higher contact angles (95–125°), and adhesion
strengths of 12–18 MPa. Case studies report 90–96% protection in marine settings, 88–94% in acidic media, and over
92% under atmospheric conditions. Durability tests confirm >90% efficiency after 1000 hours, significantly higher than
the <60% for conventional coatings. Overall, hybrid inhibitors offer a high-performance, eco-conscious alternative for
corrosion control, combining efficiency, environmental safety, and scalability. Their superior metrics and adaptability
position them as next-generation solutions for diverse industrial applications.

Keywords: Hybrid inhibitors, Corrosion protection, Sol–gel, Nanocomposites, Eco-safe materials, Surface characterization

1. Introduction

Corrosion is a pervasive electrochemical phe-
nomenon responsible for the gradual deterioration of
metals through interactions with their surrounding
environments typically involving moisture, oxygen,
acids, and salts. This process significantly com-
promises the mechanical integrity, durability, and
functional performance of materials, posing critical
risks to infrastructure, transportation, energy, and
marine sectors. According to NACE International,
the global annual cost of corrosion exceeds US$2.5
trillion, amounting to nearly 3–4% of the global
GDP, highlighting both its economic and operational

implications. More concerningly, corrosion-induced
failures such as pipeline ruptures, structural col-
lapses, and reactor breaches can lead to environ-
mental disasters and human safety crises [1, 2]. A
wide range of corrosion protection strategies have
been developed over the past century. These in-
clude physical and electrochemical methods such
as galvanic coatings, anodization, cathodic protec-
tion, and passivation. While these techniques are
often effective, they can be constrained by cost,
environmental conditions, complex application pro-
cedures, or limited long-term performance. Among
these, corrosion inhibitors chemical compounds that
reduce the rate of metal degradation when present
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in small concentrations have gained prominence for
their cost-effectiveness and adaptability. However,
conventional inhibitors, particularly those based on
toxic heavy metals (e.g., chromates, lead compounds)
or synthetic organics, are increasingly scrutinized
for their environmental persistence, bioaccumula-
tion potential, and adverse health effects [3, 4].
To address these challenges, research has shifted
toward developing eco-friendly corrosion inhibitors
that meet both performance and regulatory stan-
dards. This has spurred significant interest in hybrid
organic–inorganic corrosion inhibitors, which com-
bine the surface-reactivity and adsorption capabilities
of organic molecules with the structural stability
and barrier-forming attributes of inorganic matrices
[5]. Such hybrid systems offer synergistic benefits:
organic components (e.g., heterocyclic compounds,
amino acids, plant-derived molecules) exhibit strong
adsorption onto metal surfaces via lone-pair electron
donation and π -electron interactions [6, 7], while
inorganic components (e.g., silica, alumina, metal
oxides, and layered double hydroxides) contribute
high mechanical durability, thermal stability, and
corrosion resistance. Importantly, the hybridization
of these two components allows for multifunctional
behavior. Inorganic carriers can act as nanocontain-
ers or scaffolds for encapsulating organic inhibitors,
enabling stimuli-responsive release triggered by envi-
ronmental factors such as pH shifts, redox reactions,
or chloride ion concentration [8, 9]. This integration
enhances durability, offers self-healing capabilities,
and enables adaptive protection in dynamic corro-
sive environments. Moreover, these systems align
well with green chemistry principles through the
use of biodegradable components, reduced toxicity,
and environmentally benign synthesis routes such
as sol–gel processing and layer-by-layer assembly
[10, 11]. Thus, hybrid organic–inorganic inhibitors
represent a transformative approach in corrosion
science balancing high-performance demands with
sustainability mandates. The present review aims
to provide a critical and comprehensive assessment
of such systems by exploring their classification,
mechanisms of action, performance evaluation, en-
vironmental considerations, and emerging industrial
applications. Table 1 summarizes the key charac-
teristics, mechanisms, and functional advantages of
organic, inorganic, and hybrid corrosion inhibitors.
Organic inhibitors typically offer strong surface ad-
sorption due to functional groups containing nitro-
gen, oxygen, or sulfur but may suffer from volatility
or environmental concerns. Inorganic inhibitors pro-
vide stable physical barriers and passivation effects,
though they may lack active chemical interaction
with metal surfaces. Hybrid systems combine the ben-

efits of both, offering enhanced corrosion protection
through synergistic mechanisms such as controlled
inhibitor release, improved barrier properties, and
environmental responsiveness positioning them as
advanced, sustainable alternatives for modern appli-
cations. Table 1 summarizes the key characteristics,
mechanisms, and functional advantages of organic,
inorganic, and hybrid corrosion inhibitors. Organic
inhibitors typically offer strong surface adsorption
due to functional groups containing nitrogen, oxy-
gen, or sulfur but may suffer from volatility or
environmental concerns. Inorganic inhibitors pro-
vide stable physical barriers and passivation effects,
though they may lack active chemical interaction
with metal surfaces. Hybrid systems combine the
benefits of both, offering enhanced corrosion pro-
tection through synergistic mechanisms such as con-
trolled inhibitor release, improved barrier properties,
and environmental responsiveness positioning them
as advanced, sustainable alternatives for modern
applications.

Fig. 1 illustrates the synergistic protection mech-
anism of hybrid organic–inorganic corrosion in-
hibitors. The metal substrate is coated with a compos-
ite layer comprising an inorganic matrix (e.g., silica
or LDH) embedded with organic inhibitor molecules.
The system functions through dual-action protection:
the inorganic phase forms a physical barrier against
corrosive agents such as oxygen, water, and chloride
ions, while the organic phase chemically adsorbs onto
the metal surface, blocking active corrosion sites.
Additionally, environmental stimuli like pH changes
or ionic attack can trigger the controlled release of
inhibitors, enabling adaptive, self-healing behavior
and extended corrosion resistance.

Fig. 2 presents a comprehensive overview of the
historical development, types, mechanisms, appli-
cations, environmental considerations, and future
trends of corrosion inhibitors. It traces early anti-
corrosion techniques, such as natural oils and

Fig. 1. Schematic representation of hybrid corrosion inhibitor
functionality.
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Table 1. Comparative overview of organic, inorganic, and hybrid corrosion inhibitors.

Inhibitor Mechanism of Environmental Cost
Type Examples Action Advantages Disadvantages Impact Efficiency

Organic
Inhibitors

Amines, Imidazoles,
Fatty acids,
Benzotriazole

Adsorption on
metal surface
forming
protective film,
electron donation
to metal

Effective in acidic
environments,
good for localized
corrosion,
versatile
application

Temperature
limitations, may
decompose over
time, often
require higher
concentrations

Some are toxic
and non-
biodegradable;
new green
alternatives
available

Medium

Inorganic
Inhibitors

Chromates, Phosphates,
Molybdates, Silicates,
Nitrites

Formation of
passive oxide
layer,
precipitation of
protective
compounds

Long-lasting
protection,
effective in many
environments,
low cost

Limited
effectiveness in
complex
scenarios; some
(e.g., chromates)
are toxic

Traditional
options
(chromates etc.)
are highly toxic;
newer
formulations align
with
environmental
needs

Low

Hybrid
Inhibitors

Polysiloxane compounds,
Organophosphonates,
Functionalized polymers

Combined
mechanisms: film
formation,
passivation, and
adsorption

Synergistic
effects, durable
films, effective in
mixed corrosive
environments

Complex
formulation,
costly, synthesis
may require
specialized
techniques

Generally lower
toxicity than
chromates;
eco-friendly
designs emerging

High

Green Organic
Inhibitors

Plant extracts, Essential
oils, Amino acids,
Biopolymers

Similar to organic
inhibitors but
derived from
renewable sources

Biodegradable,
low toxicity,
renewable source
materials

Variable
composition
affects
consistency;
limited long-term
validation

Biodegradable,
low
environmental
burden

Medium

Vapor Phase
Inhibitors

Dicyclohexylamine
nitrite, Cyclohexylamine
carbonate

Volatilization and
adsorption on
metal surfaces

Protection of
enclosed spaces,
reaches
inaccessible areas

Limited to
enclosed systems,
slow response,
not effective in
open-air
conditions

Some
formulations
contain volatile
organics

Medium

Conversion
Coating
Inhibitors

Phosphating compounds,
Chromate conversion
coatings

Chemical reaction
with metal
surface forming
stable
oxide/phosphate
layers

Excellent
adhesion, good
base for
paints/coatings

Surface
preparation
critical,
environmentally
hazardous
(chromates)

Traditional
formulations
include toxic
metals, though
alternatives exist

Medium

Cathodic
Inhibitors

Calcium carbonate, Zinc
compounds

Precipitation on
cathodic sites to
reduce reaction
rate

Effective for
specific corrosion
mechanisms, low
cost

May affect
specific
applications,
limited to certain
environments

Generally lower
toxicity than
anodic types

Low

Anodic
Inhibitors

Nitrites, Chromates,
Molybdates

Passivation of
anodic sites
through oxide
film formation

Highly effective
in many
applications,
strong protection

Can increase
corrosion if
applied
incorrectly; some
are highly toxic

Significant
environmental
concerns for
chromates and
nitrites

Low

Smart/Stimuli-
Responsive
Inhibitors

pH-sensitive
microcapsules,
Self-healing polymers

Release of
inhibitors in
response to
environmental
triggers

Extended service
life, reduced
maintenance

Limited
formulations,
higher cost,
complex design

Significant
environmental
potential but cost
and complexity
remain

High

Nano-
enhanced
Inhibitors

Graphene oxide, Carbon
nanotubes, Metal oxide
nanoparticles

Enhanced surface
coverage,
multiple
protection
mechanisms

Effective at very
low
concentrations,
multifunctional
properties

Environmental
effects, complex
manufacturing

Ongoing research
regarding
environmental
fate and toxicity

High
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Fig. 2. Conceptual overview of corrosion inhibitor evolution.

phosphates, through significant 20th-century ad-
vancements including the emergence of organic and
inorganic inhibitors. The classification includes spe-
cific compounds like amines, azoles, chromates, and
silicates. Mechanisms of action are outlined under
barrier formation and electrochemical interference,
while industrial applications span oil and gas, ma-
rine structures, and infrastructure. The map also
highlights current environmental concerns, such as
biodegradability and regulatory challenges, and looks
ahead to smart coatings, nanotechnology integration,
and data-driven corrosion monitoring. The aim of
this mini-review is to present a focused and critical
evaluation of recent developments in hybrid organic–
inorganic corrosion inhibitors, with an emphasis on
their potential to balance high-performance protec-

tion with eco-safety and sustainability. Specifically,
this review seeks to:

• Classify and describe the structural components of
hybrid systems, detailing commonly used organic
and inorganic constituents.

• Analyze the mechanisms of action that govern
corrosion inhibition at the molecular, electro-
chemical, and surface interaction levels.

• Highlight key performance evaluation techniques,
including electrochemical and surface characteri-
zation methods.

• Explore environmental and regulatory considera-
tions, particularly regarding toxicity, biodegrad-
ability, and compliance with green chemistry
principles.
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• Examine recent case studies and smart system ap-
plications, including nanotechnology-enabled and
responsive release formulations.

• Identify critical challenges and future perspec-
tives, such as improving long-term stability,
advancing scale-up feasibility, and integrating
multifunctional protective features.

2. Classification and composition of hybrid
inhibitors

Hybrid corrosion inhibitors are engineered to in-
tegrate the distinct yet complementary functions of
organic and inorganic components to achieve en-
hanced corrosion resistance. Their classification can
be structured into two primary axes:

(1) The nature of the organic moiety, responsible
for adsorption and chemical interaction with
the metal surface, and

(2) The type of inorganic matrix, which provides
mechanical durability, structural support, and
stimuli-responsive functionalities.

To facilitate comparative analysis and material
selection, hybrid inhibitors can be categorized as
follows:

2.1. Organic moieties: Functional groups and
adsorption sites

Organic compounds play a critical role in corrosion
inhibition, primarily due to their capacity to adsorb
onto metallic surfaces and form protective barriers.
This adsorption process is largely governed by the
presence of electron-donating functional groups such
as hydroxyl (–OH), carboxyl (–COOH), amine (–NH2),
and heteroatoms like nitrogen or sulfur found in
aromatic and heterocyclic structures [12, 13]. These
groups coordinate with the vacant d-orbitals of metal
atoms, resulting in the formation of stable, adherent,
and often hydrophobic layers that effectively limit
corrosion processes. In hybrid protective systems, the

organic moiety fulfills several functions. It chemi-
cally adheres to the metal surface, thereby passivating
active corrosion sites. It can also self-assemble into
mono- or multilayer structures that act as physical
barriers, reducing permeability to corrosive agents
such as water or chloride ions. Furthermore, certain
organic inhibitors are engineered to be environmen-
tally responsive, modifying their conformation or
reactivity in response to pH fluctuations or redox
conditions, thereby enhancing adaptability and per-
formance under dynamic environmental exposures
[14, 15]. The performance of these organic com-
pounds is influenced by their molecular geometry,
polarity, and the density of adsorption-active centers.
However, despite their advantages, many organic in-
hibitors face practical limitations such as high volatil-
ity, limited water solubility, or leaching under harsh
environmental conditions [16, 17]. To overcome
these drawbacks, organic components are often im-
mobilized or encapsulated within inorganic matrices,
enhancing their long-term stability and controlled re-
lease. A summary of commonly used organic moieties
in hybrid corrosion protection systems is provided in
Table 2.

2.2. Inorganic components: Nanoparticles, silicates,
and metal oxides

The inorganic component in hybrid corrosion in-
hibitors plays a critical role by imparting structural
integrity, chemical stability, and acting as a carrier
for active organic species. These materials signifi-
cantly improve the barrier properties of the protective
coating and enable the responsive release of in-
hibitors when exposed to environmental stimuli such
as changes in pH or the presence of corrosive ions
[18]. Among the most widely used inorganic ma-
terials are mesoporous silica nanoparticles (MSNs),
which possess a large surface area and pore volume
that allow for high loading of organic inhibitors. Their
surfaces can be functionalized to respond to specific
triggers, such as pH shifts or ionic concentration

Table 2. Representative organic moieties used in hybrid corrosion inhibitor systems.

Organic Compound Functional Notable
Category Features Benefits Challenges

Imidazoles and Triazoles Nitrogen-containing
heterocycles

Strong π–d interaction with Fe and Cu
surfaces

Can be expensive or require
modification

Tannins and Polyphenols Multiple hydroxyl groups;
plant-derived

Sustainable, environmentally friendly,
good film formation

Sensitivity to pH and
oxidative conditions

Fatty Acid Derivatives Long hydrophobic carbon
chains

Effective water repellency, barrier layer
formation

Poor water solubility,
thermal instability

Amino Acids and Peptides Contain –NH2, –COOH, and
side chains

Biocompatibility, multifunctionality,
chelation capability

Limited adsorption strength
without modification
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Table 3. Typical organic and inorganic components used in hybrid corrosion inhibitors.

Component Component Chemical Inhibition Typical
Type Name Formula Mechanism Applications

Organic Benzotriazole
(BTA)

C6H5N3 Adsorption film
formation on metal
surface

Copper and copper alloy protection in cooling
systems

Organic Imidazole
derivatives

C3H4N2–R Forms protective layer
through nitrogen
bonding

Industrial water systems, oil pipelines

Organic Thiourea CH4N2S Adsorption via sulfur
atoms

Acid pickling inhibition, metal cleaning

Organic Polyamine
compounds

H2N–(CH2)n–
NH2

Film formation through
nitrogen coordination

Cooling water systems, boiler water treatment

Organic Fatty acids R–COOH Hydrophobic film
formation

Oil and gas pipelines, storage tanks

Inorganic Zinc phosphate Zn3(PO4)2 Precipitation of
protective layer

Metal pretreatment, primer coatings

Inorganic Molybdate salts Na2MoO4 Oxidizing passive film
formation

Closed cooling systems, automotive coolants

Inorganic Silicates Na2SiO3 Barrier film formation Water treatment, concrete reinforcement
protection

Inorganic Chromates Na2CrO4 Oxidizing passive layer
formation

Aircraft components, industrial equipment
(limited use due to toxicity)

Inorganic Nitrites NaNO2 Oxidizing film formation Closed cooling systems, concrete
reinforcement

changes, enabling controlled release mechanisms.
Layered double hydroxides (LDHs), which are lamel-
lar anionic clays such as zinc-aluminum LDH, provide
dual functionality by capturing aggressive anions
like chloride while simultaneously releasing protec-
tive anions, thanks to their ion-exchange properties
[19, 20]. Metal oxides such as zinc oxide (ZnO),
titanium dioxide (TiO2), and cerium oxide (CeO2)
contribute additional protective effects. These mate-
rials can promote surface passivation and, in some
cases, exhibit photocatalytic behavior. Cerium oxide,
in particular, is known for its ability to regenerate
oxide films on aluminum substrates, thereby extend-
ing protection in aggressive environments. Silicates
and sol–gel-derived materials form rigid inorganic
networks that can encapsulate organic inhibitors.
The sol–gel process allows precise control over pore
architecture and chemical reactivity, making it suit-
able for tailoring hybrid films to specific applications
[21, 22]. In addition to these matrices, various
nanocontainers such as halloysite nanotubes, carbon
nanotubes, and graphene oxide are employed to en-
capsulate and protect sensitive organic compounds.
These nanostructures not only enhance the physical
durability of the inhibitors but also enable their se-
lective and gradual release [23]. Table 3 provides an
overview of commonly used organic and inorganic
corrosion inhibitors, detailing their chemical nature,
modes of inhibition, and typical applications in in-
dustries such as cooling systems, oil pipelines, surface
pretreatment, and reinforced concrete protection.

2.3. Mechanistic synergy between organic and
inorganic phases

The core advantage of hybrid organic–inorganic
corrosion inhibitors lies in the synergistic integration
of their organic and inorganic components. Rather
than functioning independently, these phases interact
dynamically to amplify overall protection. This
section provides a structured, step-by-step
explanation of the primary synergistic mechanisms,
illustrating how these systems outperform single-
phase inhibitors [24, 25]:

1. Enhanced adhesion and barrier formation: The
inorganic matrix (e.g., silica, LDH, metal oxides)
forms a physically robust scaffold that adheres
tightly to the metal surface. Simultaneously,
the organic phase (e.g., triazoles, amino acids)
chemisorbs onto the substrate via donor atoms
(e.g., N, O, S), creating a compact, hydrophobic
film. This dual action reduces permeability to
aggressive species like H2O and Cl– and mini-
mizes initiation of corrosion reactions [24].

2. Controlled release systems: Hybrid systems
can be designed as stimuli-responsive coat-
ings, where the release of organic inhibitors
is triggered by environmental changes, such
as a drop in pH or the appearance of corro-
sive ions. For instance, mesoporous silica or
LDH nanocontainers can encapsulate inhibitors
and release them only when corrosion initiates
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extending service life and reducing unnecessary
leaching.

3. Ion-exchange mechanisms: Layered Double Hy-
droxide (LDH) structures contribute an ion-
exchange function. In corrosive environments,
LDHs capture aggressive anions like Cl– while
releasing protective anions (e.g., molybdate,
phosphate). This dual-action exchange mecha-
nism serves to neutralize corrosion triggers and
promote passivation of the metal surface.

4. Self-healing capability: Advanced hybrid sys-
tems incorporate micro- or nano-capsules within
the coating matrix. These capsules contain ac-
tive inhibitors that rupture when mechanical
damage or micro-cracks appear, autonomously
releasing protective agents to the compromised
site. This self-healing capability is essential for
long-term performance, especially in environ-
ments with fluctuating stress or exposure.

5. Improved durability and lifetime: Embedding
organic inhibitors within an inorganic matrix
stabilizes them thermally and chemically, re-
ducing issues such as desorption, evaporation,
or premature degradation. This structure allows
hybrid inhibitors to retain activity over extended
exposure periods, even under dynamic environ-
mental and mechanical conditions [25].

By integrating the molecular-level activity of or-
ganic inhibitors with the structural benefits of in-
organic matrices, hybrid corrosion inhibitors offer a
customizable and sustainable platform. Their design
flexibility makes them suitable for a wide range of
environments, from marine and saline exposure to
acidic or high-temperature industrial processes. Fig. 3
illustrates the dual-function protective behavior of
hybrid corrosion inhibitors. The hybrid layer consists
of an inorganic matrix embedded with dispersed or-
ganic inhibitor molecules. Corrosion agents such as
oxygen (O2), water (H2O), and chloride ions (Cl–)
are physically blocked by the barrier effect of the
inorganic layer. Upon environmental stimuli (e.g.,
pH change or ionic activity), a trigger mechanism
activates the release of organic inhibitors, which then
adsorb onto the metal substrate and inhibit corro-
sion reactions. This synergistic interaction enables
both passive protection and active, responsive de-
fense [26, 27].

Fig. 4 presents the critical design considerations
for developing hybrid corrosion inhibitors. The mind
map categorizes essential factors into seven domains:
chemical composition (including organic, inorganic,
and nanomaterials), mechanism of action (adsorp-
tion, passivation, barrier formation), environmental
impact (biodegradability, toxicity, eco-friendly al-

Fig. 3. Schematic of synergistic mechanism in hybrid corrosion
inhibitors.

ternatives), performance evaluation (corrosion rate
reduction, long-term stability, adaptability to dif-
ferent environments), application methods (coating,
solution addition, surface treatment), cost efficiency
(material costs, manufacturing, market availability),
and industrial applications (oil and gas, marine, and
construction sectors). These interconnected elements
guide the formulation of efficient, sustainable, and
industry-ready corrosion protection systems.

3. Mechanisms of inhibition

3.1. Physical vs. Chemical adsorption

The effectiveness of corrosion inhibitors, particu-
larly in hybrid systems, is fundamentally governed
by their interaction with the metal surface. These
interactions typically occur via two main pathways:
physical adsorption and chemical adsorption, each
driven by distinct forces and possessing different
thermodynamic and kinetic characteristics. Physical
adsorption, also known as physisorption, involves
weak van der Waals forces between the inhibitor
molecules and the metal substrate. This process
is generally reversible and does not require the
formation of a chemical bond. It depends on the elec-
trostatic attraction between the charged metal surface
and the polar functional groups or dipoles present in
the inhibitor molecules. Physisorption is favored at
lower temperatures and is strongly influenced by the
surface charge of the metal, the ionic strength of the
medium, and the dielectric properties of the solvent.
In hybrid systems, physical adsorption typically oc-
curs when organic inhibitors are loosely held within
an inorganic matrix or on the outermost layer of the
hybrid coating. Although this type of adsorption can
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Fig. 4. Design elements of hybrid corrosion inhibitors.

rapidly form a protective barrier, its efficiency may
decline under dynamic or high-temperature condi-
tions due to desorption [28, 29]. In contrast, chemical
adsorption, or chemisorption, involves the formation
of strong, often covalent or coordinate bonds between
the inhibitor and the metal surface. This interaction

is usually site-specific, where heteroatoms such as
nitrogen, oxygen, or sulfur donate lone pairs of elec-
trons to the vacant d-orbitals of the metal atoms.
Chemisorption results in more stable and durable
protective films, making it especially valuable in ag-
gressive environments. In hybrid corrosion inhibitors,
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many organic compounds such as imidazoles, ben-
zotriazole, and thiourea are selected specifically for
their strong chemisorptive abilities. Additionally, cer-
tain inorganic components can facilitate chemical
bonding by promoting the formation of oxide lay-
ers that anchor organic molecules through surface
complexation or hydrogen bonding [29, 30]. The
distinction between physical and chemical adsorp-
tion is not always absolute. In many hybrid systems,
both mechanisms can co-exist or occur sequentially.
For example, an initial physisorbed layer may form
rapidly upon exposure, followed by chemisorption
that strengthens and stabilizes the protective film.
The overall inhibition efficiency depends on the
balance and interplay between these mechanisms,
influenced by molecular structure, environmental
conditions, and surface properties [31, 32].

Understanding the dominance of physical or chemi-
cal adsorption is critical for designing hybrid systems
tailored to specific environments. For long-term pro-
tection, chemisorption-based systems are generally
preferred, although physisorption can still play a
critical role in rapid initial coverage or self-healing
functionalities. Characterization techniques such
as Fourier-transform infrared spectroscopy (FTIR),
X-ray photoelectron spectroscopy (XPS), and adsorp-
tion isotherm modeling (e.g., Langmuir, Temkin) are
typically employed to elucidate the nature of these
adsorption interactions [33, 34]. Formation of Protec-
tive Layers The core function of corrosion inhibitors
especially hybrid organic–inorganic systems is to
form a barrier that isolates the metal surface from
corrosive agents, such as oxygen, moisture, and ag-
gressive ions (e.g., Cl–, SO4

2–). The formation of this
protective layer is a complex and dynamic process
that involves both adsorption of active molecules and
physical blocking of permeation pathways [35, 36].
In hybrid systems, the protective layer is generally
composed of [37, 38]:

• A physically robust inorganic phase (e.g., silica,
LDH, metal oxides), which acts as a passive barrier
to ionic and molecular transport.

• A chemically active organic phase (e.g., imida-
zoles, tannins), which adsorbs onto the metal
surface through coordination or van der Waals
interactions and suppresses electrochemical
reactions.

The layer can be compact and dense, minimizing
voids and permeability, and/or self-assembled, form-
ing monolayers (in case of functionalized silanes)
or complex networks, and/or multifunctional, inte-
grating properties like hydrophobicity, antimicrobial
behavior, or self-healing. The thickness and unifor-
mity of the protective film are critical, as defects can

act as initiation sites for localized corrosion (e.g.,
pitting). In situ polymerization, sol–gel synthesis, or
layer-by-layer deposition techniques are often used to
create tailored coatings with controlled porosity and
inhibitor distribution. Table 4 summarizes various
inhibition mechanisms used in neural, symbolic, and
hybrid computational systems. Each mechanism is
described in terms of its operational principle, defin-
ing characteristics, and typical areas of application
across domains such as pattern recognition, decision-
making, and intelligent agent design [39, 40].

3.2. Electrochemical behavior and surface
interaction

The interaction of corrosion inhibitors with the
metal surface and the resulting effect on electrochem-
ical processes can be characterized using tools like
electrochemical impedance spectroscopy (EIS), po-
tentiodynamic polarization (PDP), and open circuit
potential (OCP) measurements. Key electrochemical
effects can be summarized as follows [41, 42]:

1. Shift in corrosion potential (Ecorr): Indicates
whether the inhibitor acts as anodic, cathodic,
or mixed-type.

2. Reduction in corrosion current density
(icorr): Directly correlates to lower corrosion
rates.

3. Increase in polarization resistance (Rp): Sug-
gests effective inhibition by impeding charge
transfer.

4. Formation of capacitive loops in EIS spectra:
Reflects the development of dielectric (barrier)
properties due to inhibitor film.

Surface interaction mechanisms can be also sum-
marized as follows [43, 44]:

1. Electron donation/acceptance: Organic
molecules can donate lone pair electrons (from
N, O, or S atoms) to the vacant d-orbitals of
metal atoms, forming stable complexes.

2. π -backbonding: Especially in heterocyclic com-
pounds, where π -electrons interact with metal
surfaces.

3. Hydrogen bonding and van der Waals inter-
actions: Help stabilize multilayer films.

4. pH- or potential-triggered conformational
changes: In smart hybrid coatings, certain
molecules rearrange or are released in response
to changes in the local environment, providing
adaptive protection.

These surface processes can also lead to passi-
vation, where the metal becomes less reactive due
to the presence of inhibitor-derived films or oxide
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Table 4. Summary of inhibition mechanisms in hybrid systems.

Inhibition Involved Key Representative
Mechanism Description Phase Characteristics Materials

Physical
Adsorption

Weak van der Waals/electrostatic
interactions between inhibitor
and metal surface

Organic phase Rapid film formation,
reversible, pH-dependent

Polyphenols, fatty acids

Chemical
Adsorption

Formation of strong
covalent/coordinate bonds with
metal atoms

Organic phase Durable bonding, high
surface affinity, stable at
elevated temps

Imidazoles, triazoles,
thiourea

Barrier
Formation

Inorganic matrix forms dense
film to block corrosive agents

Inorganic phase Passive protection, limits
ion/molecule transport

Silica, TiO2, graphene oxide

Ion Exchange LDH matrix replaces corrosive
anions with protective ones

Inorganic phase
(LDH)

Anion selectivity,
pH-responsive release

Zn–Al LDH, Mg–Al LDH

Controlled
Release

Release of organic inhibitor
triggered by environmental
stimulus (e.g., pH drop)

Combined
organic–
inorganic

Smart delivery, sustained
inhibition

Mesoporous silica loaded
with BTA or amino acids

Self-Healing Inhibitors are released from
micro/nano-capsules upon
damage or cracking

Combined
system

Autonomic repair,
responsive protection

Microcapsule/LDH systems
with salicylate, benzotriazole

Fig. 5. Electrochemical and surface interactions in hybrid inhibitors.

layers. Fig. 5 represents the electrochemical and sur-
face interactions in hybrid inhibitors

3.3. Case studies: Steel and aluminum alloys

Steel and aluminum alloys, widely used in struc-
tural and industrial applications, are highly vulner-
able to corrosion under aggressive environmental
conditions. Steel, particularly carbon and mild steel,
lacks a naturally protective oxide layer and is prone
to degradation in acidic, saline, and humid environ-
ments due to its electrochemical reactivity. Recent
studies have demonstrated that hybrid corrosion in-
hibitors significantly improve the corrosion resistance

of steel through multifunctional mechanisms. For
example, layered double hydroxide (LDH)–triazole
hybrids have shown a dual-action mechanism, where
the LDH matrix immobilizes chloride ions while
simultaneously releasing triazole-based inhibitors.
Electrochemical impedance spectroscopy (EIS) stud-
ies have reported inhibition efficiencies exceeding
90% for such systems [45]. Similarly, silane–tannin
coatings where natural polyphenols are encapsulated
within a sol–gel silica network have demonstrated
environmentally friendly, high-performance corro-
sion barriers for mild steel in hydrochloric acid and
sodium chloride solutions [46]. Another promising
approach involves graphene oxide–amino acid hy-
brids, which offer enhanced mechanical durability
and molecular-level corrosion protection in simu-
lated seawater conditions [47]. Aluminum and its
alloys, while possessing a native oxide layer that
provides a degree of corrosion resistance, are still
susceptible to localized pitting corrosion in chloride-
rich environments, such as those found in marine
applications. Hybrid inhibitor systems have shown
notable success in mitigating this issue. Cerium oxide
(CeO2)–imidazole coatings are a prominent exam-
ple; the CeO2 promotes surface passivation, while
the imidazole forms a chemically bonded, protective
organic layer on the aluminum substrate, improv-
ing the overall stability of the protective film [48].
LDH–benzotriazole systems provide self-healing ca-
pabilities by releasing benzotriazole inhibitors in
response to coating breaches, thereby restoring pro-
tective functionality [49]. In addition, sol–gel silica
matrices incorporating carboxylic acids have been
developed to improve coating adhesion, minimize
porosity, and deliver both passive and active corro-
sion protection [50]. Across both steel and aluminum
systems, hybrid inhibitors provide comprehensive
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protection through a combination of immediate
adsorption-based inhibition, formation of physical
barrier layers, and stimuli-responsive repair mech-
anisms. These multifunctional systems represent a
significant advancement in corrosion science, offer-
ing sustainable and efficient solutions tailored for
a variety of harsh environments. Fig. 6 presents a
comprehensive conceptual framework outlining the
key components of corrosion inhibition strategies as
applied to hybrid systems. It begins with a classifica-
tion of corrosion types (e.g., uniform, pitting, crevice,
galvanic) and proceeds to the underlying mecha-
nisms, including electrochemical and environmental
factors. The inhibition strategies are categorized into
chemical (organic and inorganic inhibitors), physical
(coatings, electrochemical protection), and biolog-

ical methods (microbial inhibition, biopolymers).
Performance evaluation incorporates electrochemical
techniques, surface analysis, and accelerated testing,
aligned with criteria such as corrosion rate reduction,
durability, and environmental impact. The map also
identifies ongoing challenges (e.g., technology inte-
gration, cost-effectiveness, environmental concerns)
and future directions, highlighting the roles of smart
coatings, nanotechnology, and advanced materials.

4. Performance evaluation methods

Reliable evaluation of corrosion inhibition perfor-
mance is essential for validating the efficiency and
mechanisms of hybrid organic–inorganic systems.

Fig. 6. Corrosion inhibition strategies in hybrid systems.



AUIQ TECHNICAL ENGINEERING SCIENCE 2025;2:132–154 143

These assessments not only quantify protection levels
but also offer insights into how inhibitors interact
with metal surfaces under varying environmental
conditions. This section discusses the key method-
ologies used to characterize hybrid inhibitor perfor-
mance, focusing on both electrochemical behavior
and physical integrity of the protective layers.

4.1. Electrochemical impedance spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is
a non-destructive and highly sensitive technique
commonly employed to evaluate the corrosion re-
sistance of metallic surfaces treated with coatings
or inhibitors. By measuring the impedance of an
electrochemical system across a broad frequency
range, EIS provides critical insights into the protec-
tive performance of hybrid inhibitor films. In a typical
EIS experiment, a small-amplitude sinusoidal volt-
age is applied to an electrochemical cell, and the
resulting current response is recorded. The measured
impedance data are then presented in graphical for-
mats, typically as Nyquist plots (complex impedance
plane) or Bode plots (impedance magnitude and
phase versus frequency) [51]. Interpretation of EIS
results allows for a detailed understanding of corro-
sion protection mechanisms. High impedance values
at low frequencies generally indicate effective bar-
rier properties, while the presence of capacitive loops
in the Nyquist plot reflects the integrity of dielec-
tric layers on the metal surface. Equivalent electrical
circuit models are often used to analyze the data, pro-
viding parameters such as charge transfer resistance
(Rct), double-layer capacitance (Cdl), and coating re-
sistance (Rcoat), which are indicative of corrosion
kinetics and coating behavior [52]. In the context
of hybrid inhibitor systems, EIS proves particularly
valuable for detecting early signs of coating failure,
including delamination, degradation, or activation of
inhibitor release mechanisms. Hybrid systems fea-
turing multiple protective layers frequently display
distinct time constants in the impedance response,
each associated with specific physical processes such
as organic inhibitor release, oxide layer formation, or
barrier degradation. Moreover, EIS enables real-time
monitoring of coating performance under aggressive
conditions, including prolonged exposure to saline or
acidic environments, making it an indispensable tool
for the development and optimization of advanced
corrosion protection systems [53]. Fig. 7 illustrates
the principles of EIS used to evaluate the corrosion re-
sistance of protective layers on metal substrates. The
left panel shows a Nyquist plot, where the impedance
response (Zn vs. –Zm) shifts with frequency, typically
displaying a semicircular arc indicating charge trans-

Fig. 7. Electrochemical impedance spectroscopy (EIS) for corrosion
protection assessment.

fer resistance. The right panel depicts a schematic EIS
setup with a reference electrode immersed in an elec-
trolyte containing corrosive species such as O2, H2O,
and Cl–. The protective layer formed on the metal
surface serves to resist ionic penetration and elec-
trochemical degradation, measurable via impedance
changes over time.

4.2. Potentiodynamic polarization (PDP)

Potentiodynamic Polarization (PDP) is a widely
used electrochemical technique that provides quan-
titative information about corrosion rates and in-
hibition mechanisms. It is particularly valuable in
determining whether a corrosion inhibitor functions
through anodic, cathodic, or mixed-mode action. In
this method, the working electrode is polarized across
a defined potential range at a controlled scan rate,
and the resulting current is measured. The data
are typically plotted as potential versus logarith-
mic current density in a Tafel plot, from which key
kinetic parameters are extracted [54]. Among the
most important parameters derived from PDP are the
corrosion potential (Ecorr), which indicates the ther-
modynamic propensity for corrosion to occur, and
the corrosion current density (icorr), which is directly
proportional to the rate of corrosion. The anodic and
cathodic Tafel slopes (βa and βc) provide insights
into the kinetics of the respective electrochemical
reactions [55]. The inhibition efficiency (η%) of a
system can be calculated using the equation bellow:

η(%) =
icorr,blank − icorr,inhibitor

icorr,blank
× 100

where icorr,blank is the corrosion current in the ab-
sence of an inhibitor, and icorr,inhibitor is the current
measured in the presence of the inhibitor.

In hybrid inhibitor systems, a significant reduc-
tion in icorr indicates effective corrosion protection.
The direction of the Ecorr shift further reveals the
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Fig. 8. Potentiodynamic polarization curve for corrosion analysis.

predominant mechanism of inhibition. A positive (an-
odic) shift suggests the inhibitor primarily affects
the anodic reaction, whereas a negative (cathodic)
shift points to cathodic inhibition. Minimal change
in Ecorr implies a mixed-type inhibition mecha-
nism, where both anodic and cathodic processes are
suppressed. PDP thus serves as a crucial tool for
characterizing the electrochemical behavior of hybrid
coatings and for optimizing their protective perfor-
mance against corrosion [56]. Fig. 8 presents a typical
potentiodynamic polarization plot used to evaluate
the corrosion behavior of metal surfaces. The x-axis
represents the applied potential (V vs. SCE), while the
y-axis shows the resulting current density (A/cm2) on
a logarithmic scale. The curve illustrates the anodic
and cathodic branches, intersecting at the corrosion
potential (Ecorr), where the corrosion current den-
sity (icorr) is also determined. These parameters are
essential for quantifying corrosion rates and assessing
the effectiveness of protective coatings or inhibitors.
Lower i_corr values and shifts in Ecorr indicate en-
hanced corrosion resistance.

4.3. Surface characterization (SEM, AFM, XPS)

Surface characterization plays a pivotal role in
understanding the effectiveness of hybrid corrosion
inhibitors by providing detailed insights into sur-
face morphology, coating integrity, and chemical
interactions before and after exposure to corrosive en-
vironments. A combination of analytical techniques
namely Scanning Electron Microscopy (SEM), Atomic
Force Microscopy (AFM), and X-ray Photoelectron
Spectroscopy (XPS) is commonly employed to exam-

ine the physical and chemical attributes of treated
surfaces [57]. The interpretation of results from
these techniques directly correlates with inhibitor
performance, enabling researchers to establish clear
relationships between surface characteristics and cor-
rosion protection efficacy.

4.3.1. Scanning electron microscopy (SEM) analysis
and performance correlation

Scanning Electron Microscopy (SEM) is used to vi-
sualize the surface topography at high magnification,
revealing structural features such as coating unifor-
mity, porosity, and potential defects. The morpho-
logical observations obtained through SEM provide
direct evidence of inhibitor performance effective-
ness. For instance, uniform and dense protective
films observed in SEM images typically correlate
with enhanced corrosion resistance, as demonstrated
by reduced corrosion current densities in electro-
chemical studies [58]. After corrosion testing, SEM
imaging enables the detection of localized damage
such as pitting, film degradation, or crack propa-
gation. The absence or significant reduction of pit
formation in SEM micrographs of inhibitor-treated
surfaces compared to untreated controls serves as a
critical performance indicator. Studies have shown
that surfaces exhibiting pit suppression in SEM anal-
ysis demonstrate up to 95% inhibition efficiency
in potentiodynamic polarization tests. Additionally,
the integrity of protective films observed through
SEM directly influences the barrier properties, with
continuous, crack-free surfaces providing superior
long-term protection against aggressive ions pene-
tration. When coupled with Energy Dispersive X-ray
Spectroscopy (EDS), SEM can also provide elemental
analysis to confirm the presence and distribution of
inhibitor-related species on the metal surface. The
uniform distribution of inhibitor elements (such as
nitrogen from organic components or silicon from
silane coupling agents) across the surface, as revealed
by EDS mapping, correlates strongly with consistent
corrosion protection performance across the entire
treated area.

4.3.2. Atomic force microscopy (AFM) and coating
performance assessment

Atomic Force Microscopy (AFM) offers nanometer-
scale resolution for analyzing the surface roughness
and homogeneity of protective films. The surface
roughness parameters obtained from AFM measure-
ments serve as quantitative indicators of coating
quality and performance. Lower surface roughness
values (typically Ra <50 nm) generally indicate
better coating uniformity and enhanced barrier prop-
erties, leading to improved corrosion resistance. The
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relationship between surface roughness and corro-
sion performance is particularly evident in impedance
spectroscopy results, where smoother surfaces exhibit
higher charge transfer resistance values. AFM anal-
ysis allows researchers to assess the continuity and
uniformity of the hybrid coating, which are critical
for effective barrier performance. Continuous pro-
tective films without surface defects, as confirmed
by AFM topographical maps, demonstrate superior
performance in salt spray testing, often exhibiting
extended protection periods exceeding 500 hours
without significant degradation. Conversely, surfaces
showing discontinuities or high roughness variations
in AFM analysis typically display reduced corrosion
resistance due to preferential attack sites. AFM can
be operated in various modes, including contact and
tapping modes, to probe mechanical properties such
as film adhesion and elasticity, further contributing to
the evaluation of coating stability under stress [59].
The adhesion force measurements obtained through
AFM force-distance curves provide quantitative data
on the bonding strength between the protective layer
and the substrate. Higher adhesion forces (typically
>100 nN) correlate with improved coating durabil-
ity and extended service life under mechanical stress
conditions.

4.3.3. X-Ray photoelectron spectroscopy (XPS) and
chemical performance indicators

X-ray Photoelectron Spectroscopy (XPS) delivers
valuable chemical information by identifying the el-
emental composition and chemical states of atoms
at the surface. The binding energy shifts observed
in XPS spectra provide direct evidence of chemical
interactions that determine inhibitor performance.
For example, the detection of Fe 2p peaks shifted
to higher binding energies (typically 711–713 eV)
indicates the formation of protective iron-inhibitor
complexes, which correlates with enhanced corrosion
resistance as measured by reduced corrosion rates in
weight loss tests. This technique is particularly use-
ful in confirming the nature of interactions between
inhibitor molecules and the metal substrate, such as
the formation of Fe–N or Al–O–Si bonds. The intensity
and chemical state of these bonds, as determined by
peak deconvolution analysis, directly relate to the
strength of the protective mechanism. Surfaces show-
ing strong covalent bonding (evidenced by distinct
peak shifts and narrow full-width-half-maximum val-
ues) typically exhibit superior long-term stability
and higher inhibition efficiencies exceeding 90%.
XPS analysis can also distinguish between physically
adsorbed and chemically bonded species, helping
to elucidate the binding mechanisms that under-
pin the protective action of hybrid inhibitor systems

[60]. The ratio of chemically bonded to physically
adsorbed species, calculated from XPS peak area anal-
ysis, serves as a performance predictor. Higher ratios
of chemisorbed species (>70% of total surface cover-
age) generally correlate with enhanced durability and
sustained protection under harsh environmental con-
ditions, as confirmed by accelerated aging tests. The
quantitative analysis of surface composition through
XPS also enables the determination of inhibitor layer
thickness and coverage density. Complete surface
coverage (>95% as determined by XPS survey scans)
ensures uniform protection and minimizes the risk of
localized corrosion initiation. The presence of char-
acteristic inhibitor peaks (such as N 1s at ∼400 eV
for nitrogen-containing inhibitors) with appropriate
intensity ratios confirms effective inhibitor adsorp-
tion and correlates with optimal electrochemical
performance.

4.3.4. Integrated performance evaluation through
surface characterization

Together, these surface characterization techniques
offer a comprehensive understanding of how hy-
brid inhibitors perform at the interface, supporting
both fundamental studies and the practical devel-
opment of advanced corrosion protection strategies.
The synergistic interpretation of SEM morpholog-
ical analysis, AFM roughness measurements, and
XPS chemical characterization provides a complete
picture of inhibitor performance. For instance, a
high-performance hybrid inhibitor system would typ-
ically exhibit uniform, dense morphology in SEM
images, low surface roughness (<30 nm Ra) in
AFM measurements, and strong chemical bonding
signatures in XPS spectra, collectively resulting in
inhibition efficiencies exceeding 95% and extended
protection duration. Fig. 9 illustrates three advanced
surface analysis methods used to investigate the mor-
phology, roughness, and chemical composition of
corrosion-inhibited metal surfaces. Scanning Elec-
tron Microscopy (SEM) utilizes secondary electrons
to produce high-resolution images of surface topogra-
phy, enabling the assessment of pit suppression and
coating integrity. Atomic Force Microscopy (AFM)
employs a cantilever that scans the surface to map
nanoscale roughness and structural features, pro-
viding quantitative data on layer adhesion and
uniformity. X-ray Photoelectron Spectroscopy (XPS)
uses incident X-rays to excite electrons, enabling ele-
mental and chemical state analysis of surface layers to
confirm bonding mechanisms. These techniques are
essential for evaluating the effectiveness and unifor-
mity of protective films formed by hybrid corrosion
inhibitors, with their combined results providing
quantitative performance indicators that directly



146 AUIQ TECHNICAL ENGINEERING SCIENCE 2025;2:132–154

Fig. 9. Surface characterization techniques for corrosion inhibitor
analysis.

correlate with electrochemical and long-term protec-
tion performance.

4.4. Durability and long-term testing

Durability and long-term testing are essential for
assessing the real-world performance of hybrid cor-
rosion inhibitors, as short-term electrochemical mea-
surements often fail to capture the complexities of
extended environmental exposure. These tests are
crucial for validating the stability, effectiveness, and
mechanical robustness of protective systems under
conditions that simulate industrial or outdoor en-
vironments [61]. One widely used method is the
Salt Spray Test, conducted according to ASTM B117,
which exposes coated metal samples to a contin-
uous saline mist over extended periods, typically
ranging from 500 to 1000 hours. This test simu-
lates marine or high-salinity conditions and is used
to evaluate visual signs of coating failure such as
blistering, discoloration, and film degradation. An-
other common technique is the immersion test, where
metal specimens are submerged in corrosive solu-
tions, such as 3.5% sodium chloride, for several
weeks. The corrosion rate is then determined gravi-
metrically by measuring mass loss or through visual
and microscopic analysis to assess surface damage
[62]. Humidity chambers and Cyclic Corrosion Test-
ing (CCT) offer more dynamic testing conditions by
alternating between wet and dry phases, and in some
protocols, between acidic and neutral environments.
These cycles more accurately reflect the fluctuat-
ing conditions encountered in service, particularly in
automotive, marine, and infrastructure applications.
These tests help identify failure points and degrada-
tion patterns that would be missed in static conditions
[63]. Mechanical integrity is also a critical factor
in evaluating hybrid coatings. Adhesion and scratch
resistance tests assess how well the coating bonds to
the metal substrate and how it withstands mechani-

Fig. 10. Evaluation cycle for long-term performance of corrosion
inhibitors.

cal stress. This information is essential for ensuring
that the protective film maintains its integrity under
physical wear and operational strain [64]. For hybrid
inhibitor systems, such long-term evaluations are es-
pecially important because they test the durability of
the active release mechanisms, the stability of organic
adsorption on metal surfaces, and the resilience of
the inorganic matrix. These assessments also support
the optimization of formulations, balancing perfor-
mance with environmental considerations such as
biodegradability and toxicity, ultimately guiding the
development of hybrid systems that are both effective
and sustainable over extended service lifetimes [65].
Fig. 10 illustrates the integrated approach used to
assess the long-term performance of corrosion protec-
tion systems. The process begins with electrochemical
measurements that monitor corrosion resistance un-
der controlled conditions. Accelerated aging tests
simulate environmental stressors such as tempera-
ture, humidity, and chemical exposure. These are
followed by direct corrosion exposure studies in ag-
gressive media to evaluate the protective durability.
Cyclic tests, involving repeated load or environmental
fluctuations, further assess mechanical and chemical
stability. The cycle informs iterative improvements
in inhibitor formulation and validates long-term ef-
ficacy in real-world applications.

5. Recent advances and case studies

Recent research efforts in corrosion science have
been increasingly focused on designing multi-
functional, environmentally conscious, and high-
performance hybrid corrosion inhibitors. These
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systems integrate organic and inorganic elements to
overcome traditional limitations in durability, selec-
tivity, and environmental compatibility. This section
explores cutting-edge developments in the field, with
emphasis on sol–gel hybrids, nanocomposites, lay-
ered double hydroxide (LDH) systems, and their
industrial deployment.

5.1. Sol–gel based hybrid inhibitors

Sol–gel chemistry has emerged as one of the most
versatile and controllable methods for producing hy-
brid corrosion inhibitors. Through hydrolysis and
condensation reactions of metal alkoxides, such as
tetraethyl orthosilicate (TEOS), a highly cross-linked
inorganic network can be formed at room or mod-
erate temperatures. This matrix acts as a robust
scaffold capable of incorporating organic corrosion
inhibitors, either physically entrapped or chemi-
cally bonded. Recent studies have demonstrated that
sol–gel derived films can effectively immobilize or-
ganic molecules like amino silanes, benzotriazole,
or polyphenols within silica or zirconia matrices.
The hybrid structure not only imparts strong adhe-
sion to metallic substrates such as aluminum and
mild steel but also enables controlled release of the
inhibitors upon environmental triggers such as pH
drops or chloride ion presence. Furthermore, the
low porosity and high uniformity of sol–gel coat-
ings significantly enhance their barrier properties.
Advances in functionalizing the sol–gel precursors
with corrosion-responsive groups have enabled the
development of smart coatings capable of self-healing
behavior, extending the life span of protective sys-
tems under fluctuating service conditions [66, 67].
Fig. 11 illustrates the multifunctional protective be-
havior of sol–gel based hybrid inhibitors. A porous
inorganic sol–gel matrix acts as a carrier and barrier,
physically blocking corrosive agents such as oxygen,
water, and chloride ions. Organic corrosion inhibitors
like amino silanes and benzotriazole are embedded
within the matrix either through chemical bonding
or entrapment. These inhibitors can be released in
response to environmental triggers such as pH shifts
or the presence of chloride ions, enabling controlled,
on-demand corrosion protection. The combined bar-
rier properties and controlled release make sol–gel
systems highly effective in aggressive environments.

5.2. Nanocomposite inhibitors

Nanocomposite materials, composed of nanoscale
organic or inorganic particles embedded within a
corrosion-inhibiting matrix, have opened new hori-
zons for tailoring mechanical, electrochemical, and

Fig. 11. Mechanism of Action in sol–gel based Hybrid corrosion
inhibitors.

release properties of hybrid coatings. These materials
take advantage of the high surface area and reactiv-
ity of nanoparticles, which can act as both physical
barriers and active sites for inhibitor loading. Recent
developments include the integration of graphene
oxide, carbon nanotubes, and nano-silica into poly-
meric or inorganic matrices loaded with inhibitors
such as imidazole, molybdate, or green plant ex-
tracts. For example, the dispersion of graphene oxide
within an epoxy-silica matrix has shown synergistic
enhancement of corrosion resistance by reinforcing
mechanical strength and facilitating π–π interactions
with adsorbed organic molecules. Additionally, the
use of hollow nanostructures such as mesoporous sil-
ica or halloysite nanotubes allows encapsulation of
inhibitors, which are then released under environ-
mental triggers like ionic strength or redox shifts [68–
70]. These nanocarrier-based systems offer improved
inhibitor utilization and reduced leaching, addressing
key environmental concerns. The challenge remains
in ensuring homogeneous dispersion and compat-
ibility between nano-fillers and host matrices, as
agglomeration or phase separation can compromise
performance.

5.3. Layered double hydroxide (LDH) systems

Layered Double Hydroxides (LDHs) have gar-
nered considerable interest as intelligent, anion-
exchangeable inorganic hosts for corrosion inhibitors.
Structurally, LDHs are composed of brucite-like lay-
ers of divalent and trivalent metal cations, with
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intercalated anions and water molecules. This con-
figuration enables LDHs to simultaneously capture
aggressive anions such as chloride and release func-
tional inhibitors like vanadate, phosphate, or organic
carboxylates [71, 72]. LDH-based coatings can be
synthesized directly on metal substrates via in-situ
hydrothermal growth, or incorporated into composite
layers as additive pigments. The advantage of LDHs
lies in their responsive behavior: under corrosive
conditions, the anion exchange mechanism activates,
releasing inhibitors to the damaged area while neu-
tralizing incoming corrosive ions. Recent studies have
shown the effectiveness of Zn-Al or Mg-Al LDHs inter-
calated with salicylate or dodecylbenzene sulfonate
on aluminum and steel substrates, resulting in high
inhibition efficiencies and prolonged passive film sta-
bility. Moreover, LDHs are compatible with sol–gel
or epoxy matrices, enabling the fabrication of mul-
tifunctional, self-healing protective systems [73, 74].
Research is also ongoing into LDH hybrids doped with
rare earth elements such as cerium or lanthanum to
enhance passive layer formation and electron transfer
resistance.

5.4. Industrial applications and scale-up studies

While laboratory-scale research on hybrid corro-
sion inhibitors has yielded promising results, trans-
lating these technologies into industrial practice
remains a multifaceted challenge. A successful scale-
up requires a comprehensive assessment of process
scalability, economic viability, regulatory compli-
ance, and environmental safety factors that are often
underrepresented in academic studies. Industrial im-
plementation is gradually progressing, with case stud-
ies emerging across key sectors such as aerospace,
automotive, marine, and energy. In aerospace man-
ufacturing, for instance, hybrid silane coatings have
begun to replace traditional chromate-based primers
on aluminum substrates, offering comparable corro-
sion resistance with significantly reduced environ-
mental and occupational hazards. These applications
have passed early-stage validation trials, yet broader
commercial adoption still hinges on meeting rigorous
certification standards and demonstrating perfor-
mance under operational stresses [75, 76]. In the
oil and gas sector, hybrid coatings based on layered
double hydroxides (LDHs) and nanocapsule systems
have been tested on downhole steel tubing and above-
ground storage units. These environments demand
sustained inhibitor release and resistance to ag-
gressive media. Preliminary pilot-scale deployments
have shown promise, especially with continuous
roll-to-roll sol–gel processing, which reduces sol-
vent usage and energy consumption while enabling

large-area application [77, 78]. However, these tech-
nologies must still address critical challenges such
as coating uniformity, substrate adhesion under dy-
namic loads, and mechanical durability under cyclic
temperature and pressure variations. Economic fea-
sibility remains a major barrier to scale-up. The
synthesis of nanostructured hybrid materials often
involves high-cost precursors, complex fabrication
steps, and limited supply chains, which may hinder
cost-competitiveness compared to conventional sys-
tems. Life-cycle cost analyses and techno-economic
modeling are essential yet underexplored in current
literature.

From a regulatory perspective, the incorporation
of nanomaterials raises additional scrutiny related
to human toxicity, environmental persistence, and
end-of-life recyclability. There is increasing pressure
from regulatory agencies to ensure that novel coat-
ings meet REACH, EPA, and ISO/ASTM standards.
Encouragingly, several hybrid systems are now un-
dergoing formal certification tests and environmental
impact assessments, suggesting a growing readiness
for industrial validation [79–82]. Overall, while hy-
brid corrosion inhibitors exhibit strong potential,
their widespread adoption will require not only tech-
nological innovation but also coordinated efforts
in regulatory alignment, cost-reduction strategies,
and supply chain optimization. A more integrative
approach that includes lifecycle assessment, stan-
dardization, and stakeholder engagement is critical
for transitioning these advanced materials from labo-
ratory research to market-ready solutions.

6. Challenges and future perspectives

Despite the significant advances in hybrid organic–
inorganic corrosion inhibitors, several scientific, tech-
nical, and regulatory challenges remain that hinder
their widespread commercial adoption. As the de-
mand grows for multifunctional and environmentally
responsible protective systems, researchers must nav-
igate a complex landscape involving performance
optimization, regulatory constraints, and evolving
material requirements. This section addresses the
most pressing challenges faced by hybrid inhibitors
and outlines emerging directions that hold promise
for next-generation corrosion protection.

6.1. Balancing efficiency and eco-safety

One of the most significant challenges in the
development of hybrid inhibitors is the need to
achieve high corrosion inhibition efficiency while
maintaining eco-safety and regulatory compliance.
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This challenge stems from the historical reliance on
highly effective but environmentally harmful tradi-
tional inhibitors, necessitating a fundamental shift
toward sustainable design principles in hybrid corro-
sion protection systems.

6.1.1. Environmental toxicity concerns in current
systems

Traditional inhibitors, such as chromates or syn-
thetic organics, provided excellent protection but
posed substantial environmental and human health
risks due to their toxicity and persistence. While hy-
brid systems were introduced to bridge this gap by
combining the effectiveness of organic inhibitors with
the structural benefits of inorganic matrices, the envi-
ronmental challenge persists in current formulations.
Many effective organic compounds incorporated into
hybrid systems, such as quaternary ammonium salts
or synthetic azoles, still raise significant concerns
related to biodegradability and aquatic toxicity.
These compounds can accumulate in aquatic ecosys-
tems, disrupting microbial communities and affecting
higher trophic levels through bioaccumulation pro-
cesses. Similarly, certain nanomaterials commonly
used in hybrid systems, including carbon nanotubes
or metal nanoparticles, may offer excellent physical
properties but present substantial challenges in life-
cycle management, occupational exposure, and waste
disposal. The persistence of these materials in the
environment and their potential for cellular uptake
create long-term environmental risks that must be
carefully evaluated against their protective benefits.

6.1.2. Green chemistry strategies for sustainable design
To address these environmental concerns, the fu-

ture of hybrid inhibitor design must systematically
incorporate green chemistry principles throughout
the development process. This transition requires
a strategic focus on bio-based or biodegradable
organic compounds that maintain high inhibition ef-
ficiency while ensuring environmental compatibility.
Plant-derived extracts, amino acids, and naturally
occurring heterocyclic compounds represent promis-
ing alternatives that can provide effective corrosion
protection without long-term environmental persis-
tence. The integration of these bio-based components
must be coupled with inert, benign inorganic phases
such as silica, layered double hydroxides, or green-
synthesized nanoparticles. Green synthesis routes for
nanoparticles, utilizing biological templates or envi-
ronmentally friendly reducing agents, offer pathways
to maintain the functional benefits of nanoscale rein-
forcement while minimizing environmental impact.
Additionally, the selection of appropriate coupling
agents and surface modifiers should prioritize com-

pounds with established biodegradation pathways
and minimal aquatic toxicity. Green chemistry prin-
ciples must be embedded early in the synthesis
stage, including the strategic choice of solvents, opti-
mization of energy use, and development of benign
post-treatment processes. Water-based sol-gel sys-
tems, for instance, can replace organic solvent-based
formulations, while microwave-assisted synthesis can
reduce energy consumption and processing time com-
pared to conventional thermal methods.

6.1.3. Sustainable material selection and eco-design
principles

The eco-design of hybrid inhibitors requires a
comprehensive approach to material selection that
considers both performance requirements and envi-
ronmental impact throughout the material lifecycle.
This involves the systematic evaluation of each com-
ponent’s environmental footprint, from raw material
extraction through end-of-life disposal or recycling.
Biodegradable polymeric matrices, such as modi-
fied cellulose or chitosan derivatives, can serve as
environmentally benign hosts for active inhibitor
species while maintaining structural integrity during
service life. The selection of inorganic components
should prioritize abundant, non-toxic materials with
established recycling pathways. Silica-based systems,
derived from sustainable sources, offer excellent
chemical stability and environmental compatibil-
ity. Layered double hydroxides provide controllable
release mechanisms for active species while main-
taining non-toxic profiles. These materials can be
functionalized with bio-derived organic inhibitors
to create truly sustainable hybrid systems. Further-
more, the design process must incorporate principles
of circular economy, ensuring that hybrid inhibitor
systems can be recovered, recycled, or safely biode-
graded at the end of their service life. This requires
careful consideration of chemical bonding strategies
that allow for controlled degradation or separation of
components for recycling purposes.

6.1.4. Integrated assessment and validation framework
To ensure that eco-safety is not compromised for

short-term performance gains, lifecycle assessment
(LCA) and environmental impact modeling should
accompany all laboratory validation studies. This in-
tegrated approach enables researchers to quantify the
environmental benefits of hybrid systems compared
to traditional alternatives while identifying poten-
tial environmental hotspots in the material lifecycle.
Environmental impact assessment should encompass
multiple impact categories, including aquatic toxic-
ity, terrestrial ecotoxicity, human health effects, and
resource depletion. This comprehensive evaluation
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framework ensures that the transition to hybrid sys-
tems delivers genuine environmental benefits rather
than simply shifting environmental burdens from
one impact category to another. The validation pro-
cess must also include standardized biodegradation
testing, aquatic toxicity assessments, and occupa-
tional exposure evaluations to ensure regulatory
compliance and safe handling throughout the sup-
ply chain. By integrating these assessment tools with
performance testing, researchers can optimize hy-
brid inhibitor formulations that achieve the dual
objectives of effective corrosion protection and envi-
ronmental sustainability.

6.2. Stability and compatibility issues

Another major technical hurdle lies in achiev-
ing long-term stability and interfacial compatibility
within hybrid systems. In many applications, partic-
ularly in marine, offshore, or chemical processing
environments, hybrid inhibitors are exposed to fluc-
tuating temperature, pH, salinity, and mechanical
stress. Under such conditions, poorly integrated com-
ponents can delaminate, leach, or degrade, leading to
premature coating failure. The organic and inorganic
phases in hybrid materials often differ in polarity,
thermal expansion coefficients, and bonding mech-
anisms, which can cause microstructural instability
over time. In sol–gel-based systems, shrinkage during
drying may induce cracks, while in nanocomposites,
aggregation of nanoparticles can lead to non-uniform
distribution and stress concentrations. Additionally,
the metal–coating interface must maintain strong ad-
hesion throughout the service life, especially when
exposed to corrosive species. Surface pre-treatment
and functionalization are critical to improving inter-
facial bonding, but these steps add complexity and
cost to the process. To address this, research is mov-
ing toward the development of covalently bonded or
interpenetrating hybrid networks where organic and
inorganic phases are chemically linked at the molec-
ular level. Furthermore, the inclusion of cross-linking
agents, surfactants, or compatibilizers is being ex-
plored to improve phase homogeneity and reduce the
risk of degradation. Understanding the mechanisms
of degradation through long-term exposure testing, as
well as using real-time monitoring techniques such as
electrochemical noise analysis or in situ spectroscopy,
will be key to ensuring the durability of hybrid in-
hibitor systems.

6.3. Opportunities for smart and responsive systems

While challenges remain, hybrid corrosion in-
hibitors also offer unique opportunities particularly

in the area of smart and responsive systems that
can adapt to environmental changes or mechanical
damage. These intelligent materials, often termed
“self-healing” or “stimuli-responsive” inhibitors, are
designed to detect early signs of corrosion and re-
spond by releasing active species or reorganizing
their structure to restore protection. For example,
pH-sensitive nanocontainers can release encapsulated
inhibitors when local acidity increases due to an-
odic reactions. Similarly, redox-sensitive molecules
can respond to electrochemical imbalances, initiat-
ing protective reactions only when corrosion occurs.
Hybrid systems are ideal platforms for such function-
alities because the inorganic matrix can serve as a
stable host, while the organic phase can be tuned
to respond to specific environmental cues. The in-
tegration of molecular switches, microcapsules, and
conductive polymers into hybrid coatings is being
actively explored. In more advanced designs, hy-
brid systems are also being embedded with sensors
or indicators that provide visual or electronic feed-
back about coating integrity or corrosion activity.
These developments have the potential to revolu-
tionize maintenance practices by enabling predictive
and condition-based servicing rather than routine
inspections. Furthermore, digital twin models and
data-driven material design are beginning to be
employed to simulate and optimize these complex
systems under various environmental scenarios.

Looking forward, the most successful smart in-
hibitors will likely be those that combine multi-
functionality including mechanical reinforcement,
chemical inhibition, barrier properties, and adaptive
behavior within a single, scalable platform. Achieving
this vision will require interdisciplinary collabora-
tion across materials science, nanotechnology, envi-
ronmental science, and industrial engineering. The
future of hybrid corrosion inhibitors is thus not just
about materials that passively prevent degradation,
but about intelligent systems that actively manage
and prolong the life of metal infrastructure in sustain-
able, safe, and cost-effective ways.

7. Conclusion

Hybrid organic–inorganic corrosion inhibitors have
emerged as a powerful and versatile class of pro-
tective materials, uniquely positioned to address the
dual challenges of performance optimization and
environmental responsibility. By combining the ad-
sorption efficiency of organic compounds with the
mechanical and chemical robustness of inorganic ma-
trices, these systems offer synergistic protection that
surpasses the limitations of conventional inhibitors.
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From sol–gel derived coatings and nanocomposite
films to ion-responsive layered double hydroxides,
the design flexibility of hybrid systems has enabled
tailored solutions for a wide range of metals and
corrosive environments.

It is important to clarify that while hybrid inhibitors
demonstrate remarkable versatility, their protective
efficacy varies significantly across different corro-
sion mechanisms. Hybrid organic–inorganic systems
offer highly effective protection primarily against
uniform corrosion, pitting corrosion, and crevice
corrosion through their combined barrier and in-
hibitive properties. The organic components provide
excellent adsorption characteristics that effectively
suppress anodic and cathodic reactions associated
with general corrosion processes, while the inor-
ganic matrix delivers robust physical barriers against
aggressive ion penetration that leads to localized
attack. However, significant limitations remain for
more complex corrosion phenomena. Stress corro-
sion cracking (SCC) presents particular challenges,
as the mechanical stress concentrations and crack
propagation mechanisms often exceed the protective
capabilities of surface-applied hybrid systems. Sim-
ilarly, microbiologically influenced corrosion (MIC)
requires specialized antimicrobial functionalities that
are not inherently present in conventional hybrid
formulations, though recent research has begun in-
corporating biocidal components to address this
limitation. Galvanic corrosion in multi-metal assem-
blies also presents challenges, as hybrid coatings must
maintain consistent electrochemical properties across
different substrate materials to prevent preferential
attack.

Electrochemical and surface characterization meth-
ods have provided valuable insights into the mecha-
nisms of action and stability of these systems, while
long-term testing has validated their potential for
real-world applications. Case studies in aerospace,
automotive, and marine sectors further illustrate the
feasibility of translating laboratory-scale innovation
into industrial-scale performance, particularly for
applications dominated by uniform and localized cor-
rosion mechanisms.

Despite this progress, several critical challenges
remain. Achieving long-term interfacial stability, en-
suring compatibility among diverse material phases,
and developing green, biodegradable components are
ongoing scientific priorities. Moreover, scaling up
production and aligning hybrid inhibitors with reg-
ulatory and sustainability standards will be crucial
for their widespread adoption. Looking ahead, the
integration of smart, self-healing, and sensor-enabled
functionalities into hybrid systems presents an excit-
ing frontier. By enabling real-time response to corro-

sion events and predictive maintenance, such intelli-
gent coatings could redefine the future of corrosion
management. Future developments may also address
current limitations by incorporating specialized func-
tionalities for stress corrosion resistance and antimi-
crobial properties, potentially expanding the scope of
hybrid inhibitor applications to encompass a broader
range of corrosion mechanisms. The convergence of
materials science, nanotechnology, and environmen-
tal engineering will be key to unlocking the full poten-
tial of hybrid corrosion inhibitors in next-generation
infrastructure and manufacturing. As these sys-
tems continue to evolve, their targeted effectiveness
against specific corrosion types, combined with ad-
vancing smart capabilities, positions them as essential
components of comprehensive corrosion manage-
ment strategies across diverse industrial applications.
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